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SUMMARY 
This study establishes that configurations satisfying the aeromaneuvering 
orbit-to-orbit shuttle (AMOOS) requirements can be designed with performance 
capabilities in excess of the purely propulsive Space Tug. In view of this im-  
proved potential of the AMOOS vehicle over the propulsive Space Tug concept i t  
i s  recommended that the AMOOS studies be advanced to a stage comparable to 
those performed for the Space Tug. This advancement i s  needed in particular 
in areas that a r e  either peculiar to AMOOS or not addressed in sufficient detail 
in these studies to date. These a reas  include the thermodynamics problems, 
navigation and guidance, operations and economics analyses, subsystems and 
interfaces. 
The aeromaneuvering orbit-to-orbit shuttle (AMOOS) is  evaluated herein 
as  a candidate reusable third stage to the two-stage earth-to-orbit shuttle (EOS). 
AMOOS has the potential for increased payload capability over the purely pro- 
pulsive Space Tug by trading a savings in consumables for an increase in struc- 
tural and thermal protection system (TPS) mass .  The savings in propellant is 
achieved by replacing the burn f rom return transfer orbit to phasing orbit with 
the EOS by one or more aerobraking passes through the atmosphere. To achieve 
the aerobraking maneuver, AMOOS i s  targeted to a perigee within the earth's 
atmosphere. The altitude of this target perigee'increases with the desired 
' 
number of passes to achieve the braking maneuver. After the first pass, 
AMOOS ascends to the perigee of its new orbit, which, of course, i s  EOS 
phasing orbit apogee for a one-pass maneuver. If the maneuver contains more 
than one pass, AMOOS is allowed to  descend again toward its perigee, enter 
the atmosphere, lose energy, leave the atmosphere and ascend to a new, lower 
apogee. The revolutions and accompanying decay of the orbit continue until 
phasing orbit apogee i s  attained. At this apogee a small Av is  applied to  raise 
the perigee to phasing orbit perigee altitude, thus terminating the aerobraking 
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maneuver. The a r c  length of these passes through the atmosphere are  a small 
fraction of one revolution and i s  approximately centered at the perigee. 
During t'xese studies, AMOOS evolved a s  a lifting body. This was in 
order to provide a means of correcting deviations of the trajectory from nomi- 
nal during atmospheric flight. These deviations may be due to any source, for 
example, navigation and guidance, unpredictable atmospheric density variations, 
etc. Furthermore, the lift force generated can be used to give AMOOS a mod- 
es t  lateral maneuvering capability of approximately 7 deg, i f  required. These 
uses  of the lift force are  truly a synergetic maneuver, for concurrently the 
drag force i s  increased thus to a small extent ameliorating the thermal en- 
vironment by allowing a higher target perigee. To date, the AMOOS investi- 
gations have been essentially comprehensive feasibility studies in that all uses 
of aerodynamic forces typical of a wide range of vehicle geometries have been 
studied. Furthermore, the study of TPS for the vehicles has covered ablating, 
reradiating and insulating materials. Deployable high drag devices have also 
been evaluated. Finally, trades between possible mixed modes of operation, 
e .g. , mixed propulsive and aerobraking orbit t ransfer  and thrusting within 
the atmosphere to compensate for off-nominal conditions, have been estab- 
lished. 
The results discussed in this surnmary encompass the efforts under the 
original contract, referred to as  Phase I, and under the supplemental agree- 
ment, Phase 11. This repetition is  considered necessary to  present a complete 
overview of the feasibility and potential of the AMOOS concept under one cover. 
Phase I -Results Summary: The essence of the Phase 1 study was a 
literature survey, a general feasibility study and a systematic generation and 
evaluation of candidate configurations. The literature survey revealed results 
that led to the conclusions that: (1) compensation fo r  off-nominal conditions 
was necessary during atmospheric flight, and (2) that synergetic plane change 
was not feasible for AMOOS during the maneuver to mission altitude transfer 
orbit. The latter conclusion resulted from the low maximum mission altitude 
below which a propellant savings was realized. The former conclusion was 
LMSC-HREC TR D390272 
drawn f rom the effects ol overal l  a tmospheric  density variations. Exo- 
a tn>ospl~er ic  trajectory correct ion eliminates the one-pass aerobraking 
t r ans fe r  maneuver,  in fact, integrated t ra jec tory  studies showed i t  a l so  el imi-  
nated two and three pass  maneuvers .  For  these reasons,  the cur rent  AMOOS 
vehicles have developed a s  lifting bodies. A detailed navigation accuracy  study 
f o r  the Space Tug revealed that 1976 autonomous navigation sys tems will not be 
sufficiently accurate  for an AMOOS vehicle no r  probably will such sys t ems  be 
sufficiently accurate  to place payloads in an acceptable geosynchronous orbi t .  
A drift  r a t e  of not m o r e  than 1 deg/year i s  considered acceptable. The r e l e -  
vance of this conclusion has diminished since the selection of an in te r im tug 
fo r  ea r ly  EOS missions.  The navigation accuracy study should be repeated in 
a 1984 t ime frame.  This is discussed briefly in the  recommendations, Section 4. 
The navigation hardware alternatives a r e  discussed in Appendix A and include 
the  state-of-the-art  ground based update to  development of a sufficiently accu- 
r a t e  autonomous system. 
A cursory  study of the TPS  requirements  for  the AMOOS concept r e -  
vealed two potential modes of operation in which the AMOOS concept showed 
a favorable t rade.  The f i r s t ,  and m o r e  promising mode, consisted of a one- 
pass  maneuver using an ablative TPS. The second mode was t o  use a deploy- 
able  high drag device. A ballute was selected as representative s ince i t  would 
probably yield a stable configuratien. However, detailed studies of the ballute 
were  not performed until Phase  11. Again, the choice of TPS was made ,  a s  
directed by the contract,  in the 1976 technology time frame.  The findings 
should be reviewed using a 1984 t ime f rame.  
Realistic AMOOS cdnfigurations were  obtained by a systematic variation 
of body and nose shape. These configurations were  reduced to  seven f r o m  in-  
t e r n a l  volume and external geometry considerations set  by propulsive m a -  
neuvering requirements and stowage capability in  the EOS cargo bay. F r o m  
these seven configurations, two were  selected a s  worthy of further refinement 
and study. The other five were  eliminated af te r  a brief thermal ,  s t ruc tu ra l  
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and static stability ana lys i s .  The two surv ivors  bore the designations con- 
f igurat ions  1 and 5, respectively.  An ablative T P S  w a s  specified for  each 
configuration and hence a one pass braking maneuver  since the recycling of 
ablative s y s t e m s  i s  not pract ical .  
Phase  I1 - Resul ts  Summary:  The Phase  I1 s tudies  consisted of config- 
urat ion ref inements  t o  improve stabil i ty,  m o r e  p rec i se  feasibility, t ra jec tory ,  
t he rma l ,  s t ruc tu ra l  and weights analyses  together  with a comprehensive eva l -  
uation of the ballute and prel iminary operations and cost  analysis.  
The stabil i ty improvement s tudies  eliminated configuration 1 since i t  
could not be stabil ized about a l l  axes  and reta in  i t s  basic  configuration identity. 
R5finements to configuration 5 produced a statically stable vehicle about a l l  
axes  and w a s  redesignated configuration 5B. An ent i re ly  new configuration, 
designated HB, w a s  generated f r o m  d r a g  and l i f t - to-drag considerations a t  
hypersonic Mach numbers .  The HB configuration proved to  be statically 
stable about all  axes .  The HB configuration w a s  eventually selected on the 
basis of flexibility of internal  packaging. Th i s  w a s  demonstrated,  in par t icu-  
l a r ,  by i t s  e a s e  of adaption to the af t  positioned la rge  cargo  bay configuration 
which has  the potential fo r  development t o  a modular  vehicle. In the modular 
concept the payload bay i s  detachable f rom the propulsive unit so  that the T P S  
and s t ruc tu re  required to  protect  the payload i s  c a r r i e d  only when the miss ion  
includes a payload re t r ieval .  
The choice of the one-pass maneuver  using an  ablative TPS was  fur ther  
substantiated by m o r e  detailed t ra jec tory ,  t h e r m a l  and weights analyses.  The 
cost  analysis  fur ther  enhanced the position of the ablative TPS. The m o r e  d e -  
ta i led the rma l  analysis  revealed that  t he rma l  protection w a s  necessary  on the 
leeward s ide ,  because the thermal  environment proved too severe  for  the ex -  
posed s t ruc tu re ,  including titanium. Patching the vehicle with non-ablative 
T P S  ma te r i a l s  according to  thermal  environment did not su rpas s  the purely 
ablative T P S  on a m a s s  bas i s .  
Four  m a t e r i a l s ,  t i tanium (Ti-6A!-4V), and beryll ium-aluminum (Be -38 At), 
magnesium (HMZlA-T8) and graphite/polyimide, w e r e  considered for  the 
AMOOS s t ruc tu re .  The  5B configuration w a s  s t r e s s e d  for  each ma te r i a l  
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whereas the HI3 vehicle was  s t r e s sed  for the beryllium-alumlnum structure 
only. In each case  the  tentative s t ruc ture  was unpressurized and only stand- 
a rd  gauges of mater ia l s  were  cansidered. Beryllium-aluminum yielded the 
lightest s t ruc ture  with the  magnesium s t ruc tu re  being a close second. How- 
ever, the  graphite/polyimide s t ruc tura l  m a s s  i s  considered conservative 
since low mate r i a l  property values w e r e  used t o  compensate for the  lack of 
tes t  data and fabrication technology. Further  t e s t  data and development of 
rel iable  fabrication techniques allowing the  u s e  of the  full potential of graphite/  
polyimide a r e  expected to  r e su l t  in  this  ma te r i a l  yielding the  lightest s t ruc ture .  
The analysis was r e s t r i c t ed  t o  these  four ma te r i a l s  in order  t o  to le ra te  a 
5 8 9 O ~  ( 6 0 0 ' ~ )  bondline tempera ture .  In the  analysis,  t he  HB vehicle proved 
to  be lighter than the  5B vehicle. However, t he  difference is sma l l  s o  that 
currently the two vehicles should be  considered of equal mass .  
The baseline and a l te rna te  mission payload capabilities of AMOOS a r e  
well in excess of those of the  Space Tug. A typical comparison i s  2642 kg 
(5812 lb)  for AMOOS a s  compared t o  1360 kg (3000 ib )  for  the  Space Tug fo r  
the delivery and re t r ieva l  of a payload in one miss ion  t o  equatorial geo- 
synchronous orbit .  This AMOOS payload i s  for the  beryllium-aluminum 
HB vehicle, which proved to  be the  lightest. The magnasium structure,  
which is considerably cheaper ,  gave a 7% dec rease  in payload. The increased  
performance may be converted t o  dry m a s s  contingencies for each mission. 
The resulting contingencies for the HB beryllium-aluminum vehicle for  the  
baseline, alternate A and al ternate  B missions a r e  1272 (2804), 486 (1071) 
and 1724 kg (3800 lb), respectively.  
The corresponding increased payloads a r e  2642 (5812), 4440 (9768) and 
6475 kg (14,245 lb),  respectively.  The modular concept could resul t  in  a 
fur ther  increase  in the al ternate  mission A payload since no  protective 
s t ruc ture  i s  needed about the payload on a del ivery only mission. 
- 
The AMOOS payload t o  orb i t s  about M a r s  and Venus i s  11,296 kg (24,900 lb)  
each a s  compared t o  the Space Tug payloads of 6345 kg (14,000 lb)  and 5084 kg 
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(11,200 lb),  respectively.  AMOOS uses  aerobraking a t  both M a r s  and Venus. 
The round t r i p  payload t o  and f r o m  an orbit  about the  Moon is 8558 kg (18,828 
lb )  for AMOOS and 4407 kg (9695 lb )  for the  Space Tug. 
The dimensions of t he  aft ca rgo  bay will  allow AMOOS t o  t ranspor t  100% 
of the  NASA payloads by length and d i ame te r .  In th i s  aft  c a rgo  bay configuration, 
the  engine, consumables and avionics packages w e r e  mounted forward with a 
hinged nosecap  for engine fir ing.  The ca rgo  bay of the  HE configuration was ,  
in gene ra l ,  longer than that of the 5B configuration for  the s a m e  degree  of 
complexity. A pre l iminary  analysis  of the  HB configuration showed that  the 
l a r g e r  ca rgo  bay r e su l t s  in no  lo s s  of payload capability. Fu r the rmore ,  feas i -  
bility internal  layouts yield acceptable c.g. locations and t ravel .  This HB 
configuration a l so  has  the potential for  development a s  a modular vehicle. 
These configurations requi re  fur ther  study to  r evea l  the i r  full development 
potential. 
Studies of the ballute showed th i s  device t o  be imprac t ica l  f rom a m a s s  
consideration.  A ballute d iameter  of approximately 60 m (196 ft) was  required 
to  reduce the ballute sur face  t empera tu re s  to  below the tempera ture  l imi t  of 
Goodyear F iber  B which i s  1 3 6 7 ~ ~  ( 2 0 0 0 ~ ~ ) .  The m a s s  of a ballute of this 
d iameter  made f rom F i b e r  B exceeded the m a s s  savings f rom reduced T P S  
and s t ruc tu re  requirements .  Fu r the rmore ,  such t empera tu re s  a r e  beyond 
the tempera ture  range of conventional s t ruc tu ra l  ma te r i a l s  so  that the bas ic  
AMOOS vehicle s t i l l  requi res  a TPS. 
The t r ade  and optimization studies confirmed the selection of the HE 
configuration using a one-pass  maneuver  and a n  ablative TPS. An expansion 
flap with associated aft body shaping t o  give a s t ra igh t  hinge l ine a t  the e x -  
t r e m e  af t  of the body w a s  selected over  a n  expansion flap with no body shaping 
and an  aft  body compression flap with a forward hinge line. The selection was  
made a f t e r  aerodynamic,  s t ruc tu ra l  and t h e r m a l  considerations.  The mixed 
a tmospher ic  and propulsive braking maneuver  w a s  r e a s s e s s e d  resulting i n  the 
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confirmation of the desirabili ty of the pure modes over the  mixed modes.  
Propulsive compensation during atmospheric passage for off-nominal condi- 
tions proved expensive by requiring approximately 770 kg of propellant. The 
t r ade  of propellant saved a s  a function of aeromaneuvering plane change has  
l ed  to  the nominal mode of operation of AMOOS being revised.  The cur rent  
mode of operation i s  t o  per form the plane change part  propulsively a t  mission 
altitude and pa r t  aerodynamically a t  low altitude. This i s  pract ical  s ince modu- 
lation of the bank angle to  produce lift forces  t o  compensate for off-nominal 
conditions produces only sma l l  l o s ses  of plane change. These s m a l l  plane 
change variations can be cor rec ted  economically using the  propulsion system. 
Nominally, the atmospheric  passage i s  made  at a bank angle of approximately 
90 deg. The sensitivity analysis showed that the payload sensitivity was l e s s  
for AMOOS than for the Space Tug to  variations in I total  m a s s  delivered 
SP' 
to orbit, and dry  m a s s .  This lower sensitivity yields a higher confidence that 
AMOOS will experience sma l l e r  percentage payload changes during develop- 
ment than the Space Tug. This relative position of AMOOS is fur ther  enhanced 
by the cur rent  AMOOS s t ruc tura l  designs calling for state-of-the-art  mater ia l s  
and fabrication techniques. 
The operations analysis  highlighted the differences between AMOOS and 
the Space Tug. The operation of AMOOS follows closely the operation of the 
Space Tug except during atmospheric flight. During this period, AMOOS r e -  
qui res  a sophisticated navigation, guidance and control scheme,  a requi re-  
ment,  although well recognized, that has not yet been addressed  except for 
a brief l i t e ra ture  survey  which revealed no applicable technique. A brief 
company sponsored investigation has established a potential guidance tech-  
nique which should be fur ther  addressed in future effor ts .  The guidance of 
AMOOS during atmospheric  flight i s  among the a r e a s  recommended for 
further study. It should be noted, en passant,  that temperature o r  heating 
ra te  dependent boundaries a r e ,  in general ,  not applicable to  AMOOS since 
(1) AMOOS mus t  leave  the atmosphere with a predetermined energy, and (2) 
flight path angle and altitude a r e  determined by iner t ia l  forces  instead of 
aerodynamic fo rces  during a successful  a tmospheric  pass .  This la t te r  fact 
is due to the high excess  energy of AMOOS over c i rcu lar  orbit  energy a t  each 
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instantaneous alt i tude.  The navigation subsystem al ternat ives  a r e  discussed 
briefly in Appendix A.4 and include fully autonomous ground based update and 
navigation o r  other  satel l i te  tracking. 
A pre l iminary  cos t  es t imate  in 1970 dol lars  has been prepared  for 
AMOOS. The total  f i r s t  unit cost  is $32M for  beryllium-aluminum and 
$29M f o r  the magnes ium s t ruc ture .  Whenever possible,  the Space Tug 
cos ts  have been used a s  a basis for estimating AMOOS costs .  
xii 
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NOMENCLATURE 
Nomenclature - Flight Mechanics 
The following symbols  w e r e  used in the discussion of flight mechanics  
and performance topics.  
Symbol. Description 
A aerodynamic re ference  a r e a  of vehicle,  constant, 
equal t o  15.69 m 2  (168.9 ft2) 
aerodynamic drag  coefficient 
aerodynamic l i f t  coefficient 
unit aerodynamic drag  vector 
2 2 
re ference  gravi ta t ional  acceleration (m/s  , ft /sec ) 
specific impulse  of propulsive sys tem ( s )  
unit aerodynamic lift vector 
vehicle m a s s  before propulsive velocity change (kg, l b )  
propellant m a s s  required for velocity change (kg, l b )  
vehicle m a s s  a f te r  propulsive velocity change (kg, l b )  
vehicle m a s s  (kg, l b )  
per igee  alt i tude (km, n .mi.) 
2 2 dynamic p r e s s u r e  = 1/2 p v ( ~ / m  , lb/ft2) 
r 
alt i tude (km, n.mi. ) 
vehicle accelerat ion vector in iner t ia l  ear th-centered 
coordinate s y s t e m  (m/s2 ,  f t / s2)  
vehicle i ne r t i a l  rad ius  vector in ear th-centered 
coordinate s y s t e m  (m, f t )  
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Symbol 
T 
NOMENCLATURE (Continued) 
Description 
t ime taken for the vehicle to complete a rotation 
through a bank angle @ = 2a ( s )  
iner t ia l  velocity vector in ear th-centered  coordinate 
sys t em (m/s,  f t / s )  
velocity vector of vehicle with respec t  t o  surrounding 
a i r  m a s s  (m/s,  f t / s )  
wind velocity, combination of ea r th  rotational effects 
and motion of atmosphere re la t ive  to the ear th (m/s , f t / s )  
bank angle, defined a s  the angle between the local 
ver t ical  plane containing the  re la t ive  velocity vector 
and the lift vector (deg) 
bank angle ra te  (deg/s) 
2 bank angle acceleration (deg/s ) 
flight path angle, the angle between the  local horizontal 
plane and the inertial  velocity vector  (deg) 
velocity change performed (m/s ,  f t /s)  
ea r th ' s  gravitational constant (m3/s2, ft3/s2) 
3 3 
atmospheric  density (kg/m , lb/ft ) 
3 3 
nominal atmospheric density a t  a given altitude (kg/m , lb/ft ) 
effective atmospheric density a t  a given altitude 
obtained by converting e r r o r s  in t a rge t  perigee to  
an equivalent atmospheric densi ty  variation 
(kg/m3, lb/ft3) 
xvi 
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NOMENCLATURE (Continued) 
Nomenclature -Aerodynamics 
The following symbols w e r e  used in the  discussion of aerodynamic 
topics. 
Symbol Description 
C~ drag force coefficient in the wind axis system, ~ ~ / q ,  Sref positive in the negative direction of Xw (dimensionless) 
c.g. abbreviation for  center of gravi ty 
C~ l i f t  force coefficient (stability or wind axis  sys tem)  FL/qm SFef. positive in the negative direction of Zs 
or  Zw (dimensionless) 
C~ rolling moment  coefficient in the body axis system, MX/q, SrefP (dimensionless) 
'm 
pitching moment  coefficient in the body axis  sys tem,  
My/q, SrefP (dimensionless) 
C yawing moment coefficient in the body axis  sys tem,  
n MZ/qm SrefP (dimensionless) 
Y side force coefficient (body or  stability axis sys tem) ,  Fy/q, S r Y ,  positive in the positive direction of Y 
(dimension e s s )  
A G A  incremental  pitching moment coefficient defined a s  the  pitching moment coefficient determined with flap de -  
flection a t  a par t icular  angle of attack minus the pitching 
moment coefficient with no f lap deflection at the  s a m e  
angle of attack (dimensionless) 
drag force in the wind axis  sys tem,  positive in the 
negative direction of X (N,  lb) W 
lift force (stabili ty o r  wind axis  sys tem) ,  positive in 
the negative direction of Zs or  Zw (N, lb)  
s ide force,  positive in the  positive direction of Y (N, lb)  
lift-to-drag rat io ,  CL/CD (dimensionless) 
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NOMENCLATURE (Continued) 
Greek 
a 
Description 
reference length (body length) (m, f t ) ,  constant, equal to 
17.88 m (58.66 f t )  
Mach number (dimensionless ) 
rolling moment in the body axis system; i.e., moment 
about the X-axis (a positive rolling moment tends to 
rotate the positive Y-axis toward the positive Z-axis), 
(N-m, ft-lb) 
pitching moment in the body (or stability) axis system; 
i.e., moment about the Y-axis (a positive pitching 
moment tends to rotate the positive Z-axis toward the 
positive X-axis), (N-m, ft-lb) 
yawing moment in the body axis system; i.e., moment 
about the Z-axis (a positive yawing moment tends to 
rotate the positive X-axis toward the positive Y-axis), 
(N-m, ft-lb) 
2 2 dynamic pressure, p Vm/2 (N/m , psi) 00 
freestream Reynolds number per unit length ( l /m,  l/ft) 
2 
reference area  (m2, ft  ) constant, equal to 15.69 m 2 
(168.9 ft2) 
tunnel supply temperature (OK, O R )  
f reestream static temperature (OK, O R )  
f reestream airspeed or speed of the vehicle relative 
to the surrounding atmosphere (m/sec, ft/sec) 
body axis system coordinates (the X ,  2-plane i s  the plane 
of symmetry and the origin of the axis system is  the 
center of gravity, center of mass ,  or any other convenient 
point) (m, ft) 
angle of attack, angle between the projection of the wind 
Xw-axis on the body X ,  Z-plane and the body X-axis (deg) 
sideslip angle, angle between the wind X -axis and the 
projection of this axis on the body X ,  2-Jane (deg) 
flap deflection angle, positive when the trailing edge i s  
deflected down (deg) 
3 3 freestream a i r  density (kg/m slug/ft ) 
xviii 
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NOMENCLATURE (Continued) 
Nomenclature - Structures  
The following symbols were  used in the discussion of s t ruc tures  topics. 
Symbol 
Askin 
A 
s t r  
b 
S 
d 
Description 
2 . 2  
skin a r e a  (m , in ) 
2 . 2  
s t r inger  a r e a  (m , m ) 
s t r inger  flange width (m, i n )  
s t r inger  spacing (m, in)  
2  2  
mate r i a l  e last ic  modulus ( ~ / m  , lb/in ) 
2 
cr i t ica l  s t r e s s  ( ~ / r n ' ,  lb/in ) 
2 2 
s t r e s s  (N/m , lb/in ) 
accelerat ion factor 
s t r inger  web height (m, i n )  
ring spacing (m,  in)  
s t r inger  c r i t i ca l  column length (m,  in )  
bending moment (N-m, in- lb)  
axial  l ine load (N/m, lb/in) 
design line load (N/m, lb/in) 
ax ia l  load (N, ib )  
axial  load per  typical s t r inger  spacing d (N, lb)  
radius  (m, in)  
thickness (m, in) 
s t r inger  thickness  ( m ,  in )  
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NOMENCLATURE (Continued) 
Cr~.cl i  Descr ip t ion  
-
P Po i s son  r a t i o  
P 
3 dens i ty  (kg/rn3, lb/ in ) 
0 
2 2 
s t r e s s  (kg/m , lb/in ) 
NOMENCLATURE (Continued) 
Nomenclature - Thermodynamics 
The following symbols were used in discussion of thermodynamics topics. 
Symbol Description 
C* p r T//A T r defined for specific geometries in Tables D-1 
and D-3, dimensionless 
C~ Stanton Number, q / ( p m ~ m ( ~ m  - HW)) dimensionless 
H Total enthalpy, ( ~ / k ~ ,  t u / l b m )  
K Thermal conductivity ( w / m - O ~ ,  Btu/£t-sec-OR) 
M Mach number, dimensionless 
2 
9 Convective heat transfer  ra te ,  (w/m2, Btu/ft -sec) 
Local body radius, (f t ,  m )  
Free  s t ream Reynolds number, p U R / ~ ~ ,  dimensionless 
EO m 
Post shock Reynolds number, p E O U m ~ / ~ 6  = p 6 u 6 ~ / p 6 , d i m e n s i ~ n l e ~ ~  
Temperature, (OK, O R )  
F ree  s t ream velocity, (m/s, ft/s) 
Surface distance, (m, ft) 
Ratio of specific heats ,  dimensionless 
Local body angle wi th  respect to free s t ream velocity 
vector, deg 
Cone semi vertex angle, deg 
Sweep angle, deg 
xxi 
Symbol 
L' 
P 
Subscripts 
C 
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NOMENCLATURE (Concluded) 
Description 
Viscosity, (kg/m-sec, lbm/ft-sec) 
3 3 Density, (kg/m , lbm/ft ) 
Cone 
Tota l  
Reference 
Wall 
F r e e  s t r e a m  
Pos t  shock conditions 
Strong interaction 
xxii 
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Section 1 
LNTRODUC TION 
An orbit-to-orbit t r ans fe r  vehicle will be an essent ia l  element of the 
future space t ransportat ion sys tem required to  accomplish the NASA mission 
spectrum The orblt-to-orbit  vehicle is a high per formance  propulsion stage 
designed to operate  a s  a thlrd s tage for the two-stage space shuttle. P a s t  
studies have defined vehicle sys t ems  which a r e  capable of performing a la rge  
number of NASA miss ions  by using propulsive maneuvers  in vacuum only. 
However, the accomplishment of high energy missions such as payload t rans-  
f e r  to and f rom geosynchronous orbit  exceeds the capabili t ies of most  of the 
proposed vehicle sys t ems  which have the additional disadvantage of l a r g e  
sensitivity to sma l l  i ne r t  weight changes and specific impulse variations. To 
reduce the sensit ivity and improve  the payload capability of the t r ans fe r  
vehicle, the utilization of a tmospher ic  en t ry  and exit p a s s e s  is an at t ract ive 
al ternate  mode of miss ion  operation due to the  possible  t r ade  of propulsion 
requirements  fo r  aerodynamic forces  fo r  aerobraking and aeromaneuvering. 
The proposed d i rec t -en t r  y mode applicable t o  the aeromaneuvering orbit-to- 
orbit shuttle (AMOOS) vehicle a t  the associated high veloci t ies ,  while offering 
a reduction in propulsion requi rements ,  causes  aerothermodynamic loads on 
the vehicle. Trade  s tudies  were  developed t o  provide the da ta  for subsequent 
concept design studies.  During Phase  I of the study effor t  (Ref. l ) ,  the genera l  
feasibility of an AMOOS vehicle was investigated and substantiated.  Trade  
studies were  conducted which resul ted in a number  of promising sys tems.  
Early resu l t s  indicate that the use  of ablative the rma l  protection sys tems 
(TPS) and one-pass miss ions  lead  t o  improvements  in the  payload capability 
compared t o  a Space Tug-type system. 
Because of the favorable  r e su l t s  of Phase  I, a second study (Phase 11) 
was conducted t o  investigate in m o r e  detail  the  feasibility of the AMOOS 
concept, evaluate the specific vehicle sys tems derived in P h a s e  I and conduct 
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t r ade  studies for  subsequent concept design in a l a t e r  study phase.  TO ac- 
complish the objectives of P h a s e  11, the study w a s  divided into the following 
five tasks: 
1. Concepts analysis  
2 .  Trade  and optimization s tudies  
3.  Operat ions analysis  
4. Technology identification, and 
5 .  Economics analysis. 
This  document r epor t s  the resu l t s  of the P h a s e  I1 study. 
1 . 1  DESCRIPTION O F  THE AMOOS CONCEPT 
The AM005  concept requi res  that aerodynamic braking and l a t e ra l  
maneuvers  achieved between entry and exit  of the e a r t h ' s  a tmosphere be 
substi tuted entirely o r  i n  p a r t  for  propulsive orbi ta l  maneuvers.  These 
atmospheric  maneuvers  may be on the a scen t  phase  o r  the descent phase 
of the mission. However, the  conclusion drawn e a r l y  f rom the l i t e r a tu re  
survey was  that aeromaneuvering on the ascent  phase  was  feasible  fo r  only 
modest  mission alt i tudes and  relatively l a r g e  plane changes. Fur thermore .  
ascent  maneuvers  w e r e  considered imprac t ica l  for AMOOS since,  f rom 
ea r ly  studies, the t empera tu re  predict ions w e r e  too high for  1976 technology 
reusable  ma te r i a l s  i f  the on-orbit t ime  of the ear th- to-orbi t  shuttle (EOS) 
was not extended. Updating this evaluation t o  the  1984 t ime  f r a m e  i s  recom-  
mended for further study. 
Using either p re sen t ,  1976 o r  1984 technology, the AMOOS mission 
will differ f r o m  that of the Space Tug only in the manner  in which it achieves 
phasing orbit  with the EOS during the re turn  phase. AMOOS will be targeted 
t o  enter  the ea r th ' s  a tmosphere  a p resc r ibed  number  of pas ses  f romwhich it 
will exit, af ter  the l a s t  pas s ,  with just sufficient velocity t o c a r r y  it t o  phasing 
orbi t  apogee. When apogee is attained, a sho r t  burn is required t o  achieve 
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phasing orbi t  perigee.  Once phasing orbi t  is achieved, then the AMOOS 
mission i s  again identical t o  the purely propulsive Space Tug. The AMOOS 
mission i s  depicted diagramatically in Fig. 1. F o r  completion of the miss ion  
f rom launch to recovery  and fo r  comparison, the EOS-Space Tug mission 
profile has  been extracted f rom Ref. 2 and incorporated as Fig. 2. 
1.2 PRELIMINARY VEHICLE REQUIREMENTS FOR MLSSION CRITERIA 
The capabili t ies of the AMOOS vehicles a r e  conveniently separated into 
( 1 )  purely propulsive capability, and (2) aeromaneuvering capability. To per -  
form a mission requiring a geosynchronous orbit, the AMOOS vehicle requi res  
a propulsive incremental  impulsive velocity, Av, capability of approximately 
6650m/s and an aerobraking capability of approximately 2330 m/s.  In o r d e r  
to  achieve this  propulsive Av capability, it must  c a r r y  approximately 22,465 
'kg (49,527 l b )  of consumables. 
The minimum enclosed volume of a n  AMOOS vehicle must  be approxi- 
mately 57% of the volume of the EOS cargo bay. Such a volume allows 
the consumables, payload, engine, avionics etc., t o  be enclosed f o r  protection 
from the thermal  environment. 
The maximum g r o s s  m a s s  allowable fo r  the AMOOS vehicles was  assumed 
the s a m e  a s  for the Space Tug. The relevant numbers w e r e  taken f rom Refs. 2 
and 3. F r o m  these  sou rces  i t  was  determined that the maximum m a s s  of AMOOS 
a s  delivered to n e a r  ea r th  orb i t  would be 28,848 kg (63,600 lb). 
An interest ing r e su l t  of orbi t  t ransfer  mechanics 1s that for  a two burn 
t r ans fe r  the total impulsive velocity increment  required to achieve a given 
c i rcu lar  orbi t  i nc reases  to a maximum of 4200 m/s. The corresponding 
orbi ta l  altitude is approximately 100,000 km. This i s  due to an increasing 
fraction of the total Av being requi red  a t  the initial (perigee) burn and the 
steady reduction in orbi ta l  speed with increasing orbital  altitude. The energy 
increment,  of course ,  i nc reases  steadily. The one way Av required i s  plotted 
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in Fig.  3 .  The Av requirement for the  Space Tug i s  just twice the values 
plotted. The AMOOS vehicle requires  the s a m e  propulsive Av outbound but 
only t h e  apogee Av on the  return.  The total  propulsive Av required for 
AMOOS i s  a l so  plotted in Fig.3. The peak Av requirement  is approximately 
5520 m/s  for an orbi ta l  altitude of about 55,000 km.  The geosynchronous 
miss ion  Av is only 100 mJs l e s s  than this peak requirement .  In the c a s e  of 
the Space Tug, the geosynchronous orbi t  Av i s  some 500 m / s  below the 
maximum requirement  ( recal l  that only one half the  total  Space Tug requi re -  
ment i s  plotted in Fig.  3). The total Av requi red  by AMOOS i s  the s u m  of 
the  propulsive Av and the aerobraking Av. This  total  Av requirement  i s ,  
of course ,  the s a m e  a s  the total Av requirement  for the Space Tug. 
Now, the velocit ies discussed in conjunction with Fig. 3 a r e  the major  
velocity changes.  To  these  velocities t h e r e  must  be added the orbi ta l  c o r -  
rection Av's ,  rendezvous and docking Av's,  etc.  These Av's a r e  approximately 
identical  for the  two concepts. The only fundamental  difference being that 
AMOOS requi res  a sma l l  Av at  the first passage  of phasing orbit  apogee t o  
r a i s e  the aerobraking per igee t o  that of the phasing orbit .  
Although the propulsive Av's of AMOOS and the Space Tug r each  maxima 
a t  some  finite orbi ta l  alt i tude,  the aerobraking Av of AMOOS does not.  Both 
the Av and the energy t o  be dissipated by the aeromaneuver  increase  steadily 
(Fig.  3 ) .  
The above r e su l t s  and discussion apply s t r i c t ly  t o  the two body problem. 
The presence  of the moon and sun influence these  r e su l t s  when extrapolated 
to high orbi ta l  a l t i tudes.  However, high alt i tude in this s ense  i s  well beyond 
the geosynchronous in which we a r e  p r imar i ly  interested.  
The baseline tug mission ca l l s  fo r  a n  equator ia l  geosynchronous orbit  and 
hence a 28 deg plane change. At geosynchronous altitude th i s  plane change r e -  
qu i r e s  an inc rease  of only 350 rn/s in the Av to c i rcu lar ize  when the maneuvers 
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a r e  combined, This incremental  velocity dec reases  slowly with increasing 
altitude so  that the resu l t s  beyond geosynchronous altitude a r e  pract ical ly  
unaffected. Although performing the en t i re  plane change a t  geosynchronous 
altitude i s  not optimum, it i s  sufficiently c lose  for this pre l iminary  feasibil i ty 
study. Optimum plane change technique fo r  AMOOS is considered in the t r a d e  
studies. 
As the orbi ta l  altitude dec reases  then the plane change becomes m o r e  
costly in incremental  velocity. In fact, for even modera te  plane changes a t  
low orbi ta l  alt i tudes,  the minimum Av maneuver is to t ransfer  to a highly 
elliptic orbit ,  pe r fo rm the plane change a t  apogee and r ec i r cu la r i ze  t o  the 
initial orbi ta l  altitude a t  per igee.  This very  hlgh Av (about 3800 m/s  at 
atmospheric pass  alt i tudes) requi rement  for plane change at low alt i tudes 
explains why the AMOOS vehicle requi res  an L/D = 2 to per form a 28 deg 
aeromaneuvering plane change (Ref. 1 ,  Section 2.2). 
1.2.1 General Guidelines 
The AMOOS concept is a n  al ternat ive to the purely propulsive concept 
a s  embodied in the Space Tug. It must ,  therefore,  pe r fo rm identical payload 
transportation and, i n  turn,  be t ransported itself in a manner  s imi l a r  t o  the 
tug. To these ends, the following guidelines w e r e  incorporated into the con- 
t rac t  by MSFC: 
s Consider that the Space Shuttle will be used  to  del iver  
the AMOOS to low ea r th  orbi t  and to re t r ieve  it f rom 
there.  
e The baseline payload capability of the Space Shuttle 
will be 65,000 l b  to  a n  orb i t  of 100 n.mi. c i r cu la r  
altitude and 28 deg inclination. Dimensions of the 
Shuttle cargo  bay, used  fo r  AMOOS delivery,  will 
be 15 f t  d iameter  x 60 ft  length. 
e Advanced mater ia l s  and concepts a r e  to be  used  with 
a ma te r i a l s  and concepts technology of 1976 and a n  
IOC of the end of 1979. 
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o AMOOS will be designed as an unmanned vehicle. 
o The Space Tug (propulsive maneuvering only) will pro-  
vide the  baseline,  to  be used  as comparison. Ground 
ru l e s  present ly  being applied to  Space Tug studies will 
a l s o  apply to  the AMOOS configurations wherever  
warran ted  and compatible with the AMOOS' operating 
environment and capabilities. These ground ru l e s  w e r e  
provided by the government (Ref. 2). 
o The atmospheric  and exoatmospheric flight environ- 
ment  of the AMOOS were  determined based  on models 
provided by the government. 
These  guidelines, appropriately updated t o  Ref.  2, w e r e  followed. The 
appropr ia te  updates were: (1) the EOS would del iver  AMOOS to and r e t r i eve  
i t  f rom a 296 km ( I60  n.mi) altitude c i r cu la r  orbit ;  (2) the EOS phasing orbi t  
w a s  changed to a 315 km (170 n.mi) by 720 k m  (388 n.mi) altitude elliptic orbi t .  
The basel ine (delivery and retr ieval  of 1360 kg) and a l te rna te  A and B (delivery 
of 3660 kg and r e t r i eva l  of 1886 kg, respect ively)  miss ions  were  considered 
applicable to AMOOS. 
1.2.2 Basic  Mission Prof i le  and Analysis 
The bas ic  mis s ion  profile consis ts  of four major  maneuvers.  A s  stated 
previously,  the maximum propulsive Av requi rement  for the AMOOS concept 
i s  for  the baseline mission. In this case ,  a propulsive Av of approximately 
6652 m / s  is required.  This Av includes phasing orbit ,  rendezvous, docking 
and orb i t  t r i m  maneuvers.  The aerobraking Av is approximately 2330 m/s.  
If the r e tu rn  phase  plane change is per formed aerodynamically then the pro-  
pulsive Av may  be reduced by some 350 m/s  and the aeromaneuvering Av 
inc reased  vectorially to approximately 5000 m/s. Because of this dispro- 
portionate Av difference between purely propulsive and aerodynamic plane 
change requi rements ,  the entirely propulsive plane change has  been used 
fo r  the bas ic  AMOOS mission profile.  
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The propulsive Av's f o r  the AMOOS concept a r e  given ~n Table 1. 
Where applicable the Space Tug Av values w e r e  used. The Space Tug Av 
values a r e  given in  Table 2 for comparison. 
1.2.3 Payload, Propel lant  Requirements  and Structural  Weight Allowance 
An analysis of the tug baseline and al ternate  A and B missions (Ref. 2 )  
showed that each mission could be performed byAMOOSand concurrent ly  resu l t  
in a reasonable allowance for d r y  m a s s .  The resu l t s  were  that: (1)  the baseline 
mission required m o r e  propellant than the alternatives;  (2 )  a l te rna te  mission A 
r e s u l t e d  in  the minimum allowance for  dry m a s s  and (3)  a l te rna te  mis s ion  B 
resulted in the maximum reent ry  m a s s .  In turn  then, these missions s e t  the 
requirements  fo r  propellalit tankage, s t ruc ture  allocation and TPS m a s s ,  r e -  
spectively. These r e su l t s  show that the payloads of the baseline and a l te rna te  
B missions could be increased  by the AMOOS concept. A s u m m a r y  of the pro-  
pellant and payload analysis  is given in  Table 3. This analysis  was per formed 
using a net' m a s s  (delivered to low ea r th  orbi t )  of 28,848 kg, I = 470s for the 
SP 
main engine a t  full th rus t  and 460s throttled, and I = 380s for  the RCS. The 
SP 
Av values were  taken from Table 1. ' Since a l te rna te  mission B h a s  no outbound 
payload, i t s  delivered m a s s  was  a s sumed  to be 1360 kg l e s s  than the other  
missions. Contingencies, t rapped propellant, venting l o s s e s ,  etc.,  w e r e  a s -  
sumed identical to those for the Space Tug and were  taken f rom Ref. 2. 
1.2.4 Vehicle Design Requirements  
Each discipline has  an input into the vehicle design requirements .  The 
flight mechanics requirement  i s  t o  design a vehicle with a l a rge  lift.  This i s  
necessa ry  t o  provide r e s e r v e  capability t o  c o r r e c t  for var ia t ions in the vehicle 's  
velocity and position f r o m  the  nominal values.  
The requirement  t o  maximize drag i s  dictated by TPS m a s s  requi re -  
ments .  Drag should be maximized in order  to  minimize the m a s s  of the 
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TPS. A maximized drag minimizes TPS mass because of the higher allow- 
able atmospheric pass  to dissipate the same amount of energy as  a lower 
pass, resulting in reduced heating effects. 
The aerodynamic constraint, as  spelled out in the statement of work 
(SOW), i s  that the AMOOS vehicle must be statically stable about all axes 
a t  CL without the use of auxiliary control surfaces. Also the vehicle 
max 
should be capable of trimming at C , The requirement of stability 
'ma, 
about all axes i s  dictated more by control system design requirements than 
anything else. This requirement makes the problems associated with flight 
control system development much easier to solve. Also, control of the hyper- 
sonic phugoid mode during reentry is  much more complicated i f  the vehicle 
i s  unstable. 
The necessity of trimming at  CL is dictated by the necessity of 
max 
f ly ing  the vehicle near C . If the vehicle i s  stable and trims at CL , 
=max max 
the vehicle should automatically f ly  at C without movement of the trim 
device. Lmax 
1.2.5 Volume Requirements 
The dimensions and volume of the AMOOS vehicle a r e  governed by the 
consumables volume, payload dimensions and the restriction that it must be 
transported in the EOS cargo bay. Concurrently, from the guidelines, the 
AMOOS vehicle must be stable about each axis and t r im a t  CL . These 
max 
requirements lead to  two approaches: ( I )  the maximum payload dimension 
approach, and (2 )  the maximum body shaping approach. The first approach 
results in volumetric requirements that allow minimal body shaping to achieve 
the stability and t r i m  criteria. The second approach results in the easier 
achievement of the required stability and t r im characteristics but a t  the 
expense of allowable payload dimensions. 
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A study was per formed t o  determine minimum volume requirements  
[or the various AMOOS configurations consistent with the payload aild p ro -  
pulsion sys tem volumes. The resulting minimum volume f o r  AMOOS was 
2 2 determined a s  171.2 m (6044 ft ) which i s  approximately 57% of the EOS 
cargo bay volume. This volumetric analysis  was performed in the Phase  I 
study and i s ,  therefore ,  presented in detail  in Ref .  1.  A representat ive,  
minimum volume, AMOOS packaging studied in P h a s e  I i s  shown in Fig.  4. 
The objective of the aft-mounted payload i s  p r imar i ly  t o  accommodate 
the l a rges t  payload possible.  Fu r the rmore ,  since the  payload i s  c a r r i e d  a t  
the end of the vehicle ra ther  than amidship,  this  configuration has  the poten- 
t ial  for development to  a modular  form.  In the modular  vehicle concept, the 
vehicle may  be ta i lored t o  the miss ion ,  for example, for del ivery only, the  
payload does not need a TPS, hence higher payload m a s s e s  can be ca r r i ed .  
Also considered was  a configuration towing a ballute i n  an attempt t o  
reduce the tempera tures  on the  basic vehicle and payload to  the point where 
a TPS i s  not required.  The design cr i ter ion chosen for  the initial s tudies  
were that t empera tures  on the ballute would not exceed the capabili t ies of 
protected Goodyear F iber  B. This l imit  is  approximately 136; '~  ( 2 0 0 0 ° ~ ) ,  
which, unfortunately, i s  well  beyond the capabilities of mos t  unprotected 
s t ruc tura l  ma te r i a l s .  
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Section 2 
RESULTS AND DISCUSSION 
The two AMOOS configurations selected from the f irst  phase of the 
study were subjected to further modification and analysis. This further 
analysis eliminated configuration 1 since a fundamental configuration change 
was necessary to  yield static stability about each axis. This left configura- 
tion 5B, a modification of the original configuration 5 to  yield al l  axis static 
stability, a s  the only candidate configuration. A new configuration, desig- 
nated HB, was obtained from drag considerations at hypersonic Mach num- 
bers rather than from systematic geometric variations of vehicle shape a s  
for configuration 5B. Configurations 5B and HB evolved, from performance 
and TPS considerations, a s  one-pass aerobraking maneuver vehicles with an 
ablative heat shield. Two internal layouts were considered. One with a 
relatively small integral cargo bay carried amidships and the other a large 
cargo bay carried on one end. This latter configuration yields the potential 
for a modular vehicle. Only the HB configuration was developed in the aft 
cargo bay configuration since i t  yielded a larger ba,y than the 5B. Since only 
cursory analysis of high drag deployable devices had been performed in prior 
studies, the ballute configuration was studied in detail comparable to  the 5B 
and HB configurations. 
The results of the study confirmed the feasibility of the one-pass abla- 
tive TPS vehicle which was expected from Phase I results.  For round t r ip  
payload and retrieval missions (Tug baseline and alternate B )  AMOOS vehicles 
showed a definite payload advantage, and a small advantage for payload de- 
livery (alternate A) .  The ballute compared unfavorably with either configura- 
tion. This was due to  the large diameter required for the ballute in order to 
obtain appreciable reductions in the temperature on the ballute surface. 
The HB configuration was eventually chosen over the 5B on the basis of 
it yielding a longer aft  payload bay and more readily adaptable to the modular 
concept. 
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Aerodynamically t h e r e  i s  l i t t le difference between the 5B and HB vehicles.  
The HB vehicle i s  slightly m o r e  statically s table  about each axis  than the  5B 
vehicle. However, t he  degree  of stabibility requi red  fo r  AMOOS was not studied 
nor  has a quantitative requirement  been established. The HB vehicle a l s o  has  
a dry  m a s s  advantage over  the  5B vehicle,however, this advantage is s o  sma l l  
that the dry  m a s s e s  should be considered equivalent at th is  point. 
Operations analysis  has  been per formed for the AMOOS vehicle with 
emphasis on those a r e a s  different f rom the  Space Tug. No differences were  
apparent between the  5B and HB vehicles. An economics analysis was a l so  
performed. The emphasis  h e r e  was on use  of different types of mater ia l s ,  
methods of construction etc., r a the r  than on the  differences between the  5B 
and HB vehicles.  Costs would be expected to  favor the  5B vehicle because 
of i ts  s impler  geometry,  both internal and external.  
2.1 CONCEPT ANALYSIS 
The seven configurations derived in P h a s e  I were  briefly reviewed 
from a multi-discipline standpoint a t  the  beginning of Phase  11. The con- 
clusions of this brief reevaluation were  the  s a m e  a s  those of the  Phase  I 
study (Ref. 1). The conclusions were: 
1. AMOOS vehicles 1 and 5 best sat isf ied a l l  requirements .  
2. Both vehicles were  longitudinally statically s table  a t  
%rim' but additional body shaping was required to  
provide la teral-direct ional  stability. 
3 .  Trimmable  center-of-gravity ranges can be increased 
through use  of a body flap. 
Therefore,  the  ma jo r  objective of Phase  I1 f r o m  an aerodynamics standpoint 
was to  refine the  design of AMOOS 1 and 5 such that lateral-directional 
stability could be obtained. Of course,  design of an entirely new vehicle 
which could meet  a l l  design requirements  was not ruled out in the beginning 
of this phase. 
In pursuing the aforementioned objective, body shaping was performed 
on AMOOS 1 to  provide ro l l  stabil i ty but i t s  directionali ty could not be im- 
proved. By rotating the nose  of AMOOS 5, both la teral -direct ional  stabil i ty 
and improved longitudinal s ta t ic  stabil i ty w e r e  obtained. In  addition to  a t tempt-  
ing t o  modify AMOOS 1 and 5, a new configuration denoted HB was designed. 
Each of the configurations along with a s u m m a r y  of the i r  basic aerodynamic 
charac te r i s t ics  a r e  shown in Table  4. 
Since configuration HB i s  entirely new, a brief description of i t s  geom- 
e t ry  i s  given. Basically,  this configuration i s  a t apered  ell iptical  cylinder,  
tapering f rom front to r e a r ,  but raked off a t  the  forward end a t  approximately 
0 45 . This  forward face i s  then shaped to  yield maximum drag  for  a given 
l if t- to-drag ratio.  More  specifically, the HB configuration is based on a 
c l a s s  of forebodies,  namely biconics which exhibit maximum drag  a t  a given 
l if t- to-drag ra t io  (Ref. 4). The HB has  essent ia l ly  t h r e e  sections (Fig. 5) :  
(1)  a nose cap that  follows a power -law longitudinal contour, an ell iptic t r a n s  - 
ve r se  contour, and i s  raked-off;  (2)  a forebody that has  an ell iptic t r a n s v e r s e  
contour, a rectangular longitudinal section and i s  raked off to a t r iangular  
longitudinal section to  match the nose cap ;  and (3) a body that  has  an  ell iptic 
t r ansve r se  contour and a trapezoidal longitudinal section. 
A decision w a s  made ea r ly  in Phase  I1 t o  se lec t  the best  two configura- 
tions f r o m  the four (Table 4) and study those in  detail  fo r  the remainder  of 
Phase  11. The configurations selected w e r e  AMOOS 5B and HB (Fig.  6).  , 
These two w e r e  selected mainly because each met  the s ta t ic  stabil i ty requi re -  
ments  about a l l  t h r ee  axes .  Each  had a higher drag  coefficient a t  maximum 
C than e i ther  AMOOS 1 o r  5. Initial m a s s  e s t ima te s  showed the HB vehicle L 
to be heavier  than any of the other vehicles.  However, at that t ime ,  a slight 
m a s s  i nc rease  w a s  considered acceptable to  obtain a l a r g e r  C,, and improved 
s ta t ic  stabil i ty.  L a t e r  m a s s  e s t ima te s  showed the HB configuration to  be 
slightly l ighter than the 5B configuration. 
As mentioned previously,  high drag  i s  a desirable  attr ibute for  the AMOOS 
configuration. Both AMOOS 5B and HB exhibit fairly high C,, but i f  th is  could 
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be increased through use of a deployable drag device,  then their  m a s s e s  
perhaps could be reduced. Higher drag produces a shallower penetration 
in the atmosphere,  thus possibly enabling elimination of the  TPS and some 
s t ruc ture .  
Several  discussions were  held with Goodyear Aerospace personnel 
during Phase  I concerning potential mater ia l s  that would withstand high tem-  
pe ra tu res .  The best  candidate was a ma te r i a l  called Fiber  B, which, when 
coated, can withstand 1 3 6 7 ' ~  ( 2 0 0 0 ~ ~ ) .  In Phase  I1 a ballute configuration 
(Fig. 7) utilizing this ma te r i a l  was suggested by Goodyear in conjunction with 
Lockheed, Ref. 5. The feasibility of the ballute was thoroughly investigated 
and i s  discussed in Sections 2.6 and 2.7. 
2.2 ASSESSMENT OF RANGE OF SPECIFIC FEASIBILITY 
2.2.1 Navigation E r r o r s  and Atmospheric Density Variations 
Ear l ie r  s tudies  of the  aerobraking concept have indicated that  navigation 
e r r o r s  and atmospheric  density variations have a significant effect on the flight 
environment and on. the amount of aerobraking achieved during an atmospheric  
pass .  Care  was taken during the present  study to  fully account for these e f fec ts .  
The maximum variations in atmospheric  density which may be encountered 
during the atmospheric  portion of the flight of the AMOOS vehicle were  obtained 
f r o m  a study by the  Aerospace Environment Division, Marshal l  Space Flight 
Center .  The mean and range  of the density in percent  of the 1962 U. S. Standard 
Atmosphere a r e  shown in Figs .  8 and 9. F r o m  these figures the appropriate 
unpredictable density variations were  established a s  t40  and -35% of nominal. 
In the Phase  I s tudies  these  variations were  tentatively established a s  
t100 and -50% nominal. Superimposed on these  variations were  those due to 
an en t ry  cor r idor  width of - +3.5 km. Since the cor r idor  width may be expressed 
a s  an equivalent a tmospheric  density variation the reduced density variations 
were  used t o  allow an inc rease  in the en t ry  cor r idor  width to +b km. The i m -  
pact of this cor r idor  width i s  discussed in Appendix A.4. The resu l t s  of Ref. 6 
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a r e  used to show that a landmark t r acke r  i s  required to  achieve the required 
precision and that the mid course  maneuver mus t  be delayed until 1400 s 
p r io r  to perigee.  Delaying the mid  course  maneuver to  this t ime will requi re  
a propellant budget of approximately 140 kg in order  to co r rec t  for  naviga- 
tional uncertainties of 50 krn in position and 5 m/s  in velocity as specified in 
Ref. 2 f o r  high altitude orbi ts .  
As inferred above, the effect of the variation in radial  perigee position 
can be conveniently represented in t e r m s  of an associated density variation 
since the  atmospheric density is approximately an exponential function of the 
altitude, (e.g., a decrease  in altitude by 3.5 k m  resul ts  in an increase  in 
density by a factor of 1.63). Thus, the e f fec ts  of atmospheric density va r i a -  
tion and navigation e r r o r s  can be combined by f i r s t  converting the navigation 
e r r o r  into an associated density variation and then multiplying this associated 
density variation with the actual  density variation. The resul t  i s  then an 
effective density variation, which i s  usually expressed in t e r m s  of the rat io  
of effective density to nominal density, PE/Pnom. The nominal a tmospheric  
density was obtained f rom the 1962 U. S. Standard Atmosphere. 
2.2.2 Trajec tory  Compensation Using Lift Force  
The lift force resulting f rom the high angle of attack of the 5B and HB 
vehicles can be used t o  compensate for navigation e r r o r s  and atmospheric 
density variations during the atmospheric  portion of the flight. Some method 
of l i f t  vector modulation is required.  Since the  angle of attack i s  fixed it 
cannot be used to  vary the  l i f t .  
A technique of lift vector modulation extensively used was to  rotate  the  
vehicle about i t s  velocity vector.  A nea r -ze ro  lift can be obtiined i f  the  ra te  
of rotation i s  constant. A net  lift in a direction p perpendicular to  the  velo- 
0 
city vector i s  obtained by decreasing the  angular r a t e  if Po-A < p < Po and 
increasing i f  ,B < 6 < po + n in  a manner  such that the average 6 over one 
0 
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revolution remains unchanged. Bank angle P , angle of attack a ,  and flight 
path angle y ,  are  defined in Fig. 10. The change in angular rate was per-  
formed with an angular acceleration, P ,  of constant magnitude but alternating 
direction. Net lift i s  defined as  
T 
- ,a 
where T i s  the time for  one revolution of P 
The effect that a constant f! has on the trajectory was studied by changing 
the initial bank angle at  atmospheric entry. The results of such a study a re  
shown in Fig. 11 for 6 = 6, 8 and 10 deg/s. The variation in apogee altitude 
after one atmospheric pass i s  shown a s  a function of initial bank angle, PI, at 
atmospheric entry. The apogee altitude variations with P I  for ti = 6 and 8 deg/s 
a r e  sufficiently large to cause noticeable changes in parameters used to con- 
verge the trajectory to phasing orbit apogee of 720 km. For this reason, 
= 10 deg/s was chosen so that P I  could be ignored in these studies. How- 
ever, in practice = 8 deg/s may be more desirable because a smaller angu- 
.. 
l a r  acceleration p i s  required to achieve the same net lift. The effect of bank 
angle rate, 8, modulation on net C and net L/D has been investigated using L 
a $ of constant magnitude but of alternating direction as  outlined above. The 
value of 6 which i s  just sufficient to reduce to zero during one-half revolu- 
tion marks a point of discontinuity in the net CL versus 3 curve (Fig. 12). 
Fo r  this investigation only values of 6 less than this critical value were con- 
sidered. The investigation was performed for = 6, 8 and 10 deg/s with 
appropriate values of p. A constant atmospheric density was assumed over 
a revolution. This i s  not rigorous but i s  a close approximation over the 
revolution occurring in the most dense atmosphere. 
In Fig. 12, the ratio C /cL i s  plotted against fi for the three values 
Lne t 
of 6 .  The ratio, C L , ~ ~ / C ~  i s  independent of C under the above definition L 
of net lift. The maximum value of this ratio i s  independent of P but occurs at 
different values of 6. This identical maximum value of CL /CL occurs 
net 
LMSC-HREC TR D390272 
because the ra t io  of dwell t imes  in the appropriate half revolutions i s  inde- 
pmdent  of for the corresponding cr i t ical  value of g.  The dependency of 
. . 
'net 
/CL on 6 can be eliminated by plotting P/i2 on the absc issa .  Figure 
13 shows the  net lift-to-drag r a t io  for the  5B and HB vehicles for = 10 deg/s 
. . 2 
and for up to  the c r i t ica l  value p = 1.1 deg/s . 
The range of navigation e r r o r s  and atmospheric  density variations 
which can be compensated for by this method of l if t  wector modulation were  
investigated. The effects of navigation e r r o r s  and atmospheric  density var ia-  
tions were  combined in t e r m s  of the ra t io  of effective density t o  nominal 
density, pE/pnOm, a s  outlined in  Section 2.2.1. Figure 14 shows the magni- 
tude of angular acceleration as a function of p /p E nom'  The resu l t s  a r e  for 
the  r e tu rn  f rom a geosynchronous miss ion  in one atmospheric  pass  and an 
.average rotation r a t e  of 10 deg/s. A sma l l  upward net lift corresponding t o  
.. $ = 0.2 deg/s2 was applied t o  the  nominal t ra jec tory  to  give the M O O S  
vehicle approximately the  same capability for the  high and low density side.  
The maximum value of g shown in Fig. 14 i s  the  value which reduces the 
angular ra te ,  4, t o  z e r o  during one-half revolution. Only values of ti' below 
this  c r i t ica l  value were  considered. F r o m  Fig. 14 it is seen that a range of 
P d p n  om f r o m  0.32 t o  3.5 can be achieved. With an atmospheric  density 
variation f rom -35 to +40%, a s  obtained f rom Figs.  8 and 9, a variation in 
target  per igee of t6 krn and -8.5 krn could be compensated for by this  method 
of lift vector modulation. This assumes that t he  effects of navigation e r r o r s  
and density variation a r e  combined by the RSS method. These resu l t s  apply 
to  missions with one atmospheric  pass  only. 
The lift-to-drag (L/D) r a t io  required to compensate for  navigation 
e r r o r s  and density variations f o r  single and multiple atmospheric  passes  
was investigated in connection with the  t r ade  studies between lift requi re-  
ments for orbit inclination change and compensation for off-nominal condi- 
tions. For  this investigation the  lift vector was held a t  a fixed bank angle 
such that the lift component in the  local  ver t ical  direction was just sufficient 
t o  compensate fo r the  off-nominal conditions. The L/D required to compensate 
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for  off-nominal conditions is  presented in Fig. 15 a s  a function of the ratio of 
effective density to nominal density for 1, 2 and 3 atmospheric passes. The 
results  a r e  for a return from geosynchronous mission orbit for vehicle HB. 
The L/D requirement i s  vehicle independent to f irst  order and the data in 
Fig. 15 apply therefore a s  well to vehicle 5B. A small  upward net lift was 
used far the nominal trajectories to vbtain approximately equal vehicle 
capabilities for high and low density conditions. It was fomd that the L/D 
requirements to compensate for given off-nominal conditions increases 
approximately proportional t o  the number of atmospheric passes. 
2.2.3 Orbital Inclination Change Using Lift Force 
An orbital inclination change can be effected i f  there i s  a net l i f t  com- 
ponent perpendicular to the orbital plane. To determine the inclination change 
capability for the candidate vehicles under nominal conditions (no navigation 
e r ro r s  and nominal atmospheric density) the bank angle was held fixed such 
that the lift vector lies in the local horizontal plane. This vehicle attitude 
yields approximately the maximum orbital inclination change. If part of the 
lift force is  to be used to correct for navigation e r ro r s  and atmospheric 
density variations the inclination change capability is  reduced. To investi- 
gate this reduction in inclination change capability, off-nominal conditions 
were simulated and the bank angle fixed at such an angle that the lift compo- 
nent in the vertical direction was just sufficient to correct for the chosen 
off-nominal conditions. The resulting inclination change via aeromaneuvering 
i s  the maximum possible under these conditions. 
The maximum inclination change capability under nominal conditions 
i s  shown in Fig. 16 as a function of inertial velocity at atmospheric entry at 
120 km altitude. Shown on the abscissa is  the corresponding mission altitude 
for  a return via a Hohman transfer ellipse. The results a r e  presented with 
L ~ D  as  a parameter and a r e  for 1 to 10 atmospheric passes. The results 
apply t o  both AMOOS vehicles, 5B and HB, since the L/D requirement to 
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effect a certain inclination change under given conditions is vehicle inde- 
pendent to f i rs t  o rder .  Entry velocities above 1l,200 m/s  correspond t o  
re turns  from lunar  and planetary miss ions .  
Figure 17 shows the  inclination change capability versus  angle of attack 
for vehicles HB and 5B for nominal conditions. The resu l t s  a r e  for a re turn  
from geosynchronous mission orb i t  and a r e  for 1 to  10 atmospheric passes .  
The inclination change capability proved to  be independent of number of passes  
up to  ten. Therefore,  the  curves  of Figs.  16 and 17 apply t o  any number of 
passes  f rom one t o  ten. 
The resu l t s  of the  study of the  conflicting requirements  between the  
use of lift force for inclination change and for compensation for  navigation 
e r r o r s  and density variations a r e  presented in Fig. 18. The orbital  inclina- 
tion change capability i s  shown a s  a function of the  effective density t o  nominal 
density. The deviation of effective density f r o m  the nominal density r e p r e -  
sents the effect of navigation e r r o r s  and atmospheric  density variations which 
i s  compensated by using a portion of the  lift force.  Results a r e  presented 
for atmospheric entry velocities, v of 10,300, 13,000 and 16,000 m / s  and E ' 
for 1 , 2  and 3 atmospheric  passes .  The inclination change capability for one 
atmospheric pass  i s  not great ly  reduced within the  range of off-nominal condi- 
tions considered. The situation becomes l e s s  favorable a s  the  number of 
passes ,  n, increases  s ince the  L/D requirements  to compensate for given 
off-nominal conditions i s  approximately proportional to n (see Fig. 15). 
2.2.4 Aerobraking Using High Drag Devices 
F r o m  the outset of the  study, the  approach has been f rom the viewpoint 
that ability to compensate f o r  off-nominal atmospheric conditions is of pr ime 
importance. Recall that t hese  off-nominal conditions may  a r i s e  f rom un- 
predictable variations in the a tmosphere  i tself  and f rom off-nominal t r a j ec -  
tor ies  arising f rom navigation, guidance and control e r r o r s .  The evaluation 
of high drag devices must  be f r o m  the  s a m e  point of view. 
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The basic concept of the high drag device i s ,  essentially, that i t  i s  an 
alternative to  the TPS. By raising the  drag a r e a  sufficiently the heating r a t e  
can be reduced to  the point where an unprotected, lightweight s t ruc ture  of 
aluminum, say,  can withstand the  tempera tures  associated with atmospheric  
passage.  Before proceeding with the  specific discussion of the high drag 
device some  of the  genera l  concepts learned o r  used in Phase  I of the study 
will be reviewed. 
During atmospheric  passage a cer tain,  predetermined quantity of 
energy must  be dissipated. This energy excess  is dependent upon miss ion  
alt i tude and, fur thermore,  for a given mission alt i tude the atmospheric  
entry velocity and the desired egress  velocity are a lmost  independent of 
pa ramete r s  other than mission alt i tude and phasing orbi t  apogee. The 
Phase  I studies showed that the energy dissipation is performed almost  
impulsively a t  perigee,  which, of course,  is within the atmosphere.  
Because of this impulsive effect combined with the  velocity requirements  
the product, n pmax C,,, a t  design conditions, i s  a slowly varying function 
of n ,  the number of passes  p e r  miss ion  and CD, the  drag coefficient based 
on an a r b i t r a r y  fixed reference  a r e a .  In pract ice,  " Pmax CD may be con- 
s idered constant for wide ranges of n and C for a re turn  f rom a given D 
miss ion  altitude. Next r eca l l  that in a mult i -pass  maneuver ,  very approxi- 
mately,  the velocity is reduced by Av/n each p a s s  where  Av i s  t he  excess  
velocity of the  r e tu rn  orbit  over the  t ransfer  orb i t  t o  phasing orbit. 
These approximate resul ts  may now be applied to  discuss  heating r a t e s .  
Now, for  a given mission altitude, e lementary empir ica l  resu l t s  of heating 
r a t e  studies show that ,  under the above conditions, the maximum heating r a t e  
will be proportional to  p 'I2 and hence to  ( l /n  CD)'/'. Therefore  quite l a rge  
max' 
increases  in n, CD or  the product n CD must  be expected in order  to reduce 
the heating ra te .  The integrated t rajectory studies have verified this con- 
clusion. Fur thermore ,  radiative type TPS mate r i a l s  a r e  tempera ture  sensi-  
t ive r a the r  than heating r a t e  on heat  load sensi t ive and the heating r a t e  converts 
to a TPS tempera ture  according t o  the fourth power radiative law. Hence the 
increase  in the device pa ramete r s ,  namely n,  CD o r  the product n CD, i s  
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mass ive  to  achieve even moderate  dec reases  in tempera ture ,  e.g., a 32-fold 
increase  in diameter  i s  required to  halve the temperature on the unprotected 
spacecraft  since CD, a s  defined herein,  i s  approximately proportional to  the 
square of the scale  of the device for a given shape. It i s  this mass ive  drag 
a r e a  sensitivity that essentially defeats the high drag device. 
The high drag device, a s  with other techniques, must  have an  associated 
technique for the compensation of the  effects of off-nominal a tmospheric  and 
t rajectory conditions. For  the  high drag device the principal techniques a r e :  
(1 )  drag modulation or  termination; (2) modulation of the  number of passes  
per  maneuver;  ( 3 )  thrusting t o  produce a no rmal  force. Rigging the  space-  
craf t  in o rde r  to  produce l if t  has  a l so  been suggested. Thrusting per  s e  is 
considered in Section 2.7, and r equ i re s  approximately 770 kg of propellant. 
The modulation of the  number of passes  was used in Ref. 7 t o  compensate 
for unpredictable atmospheric  density variations.  The resu l t s  validate the  
use  of the product 
When off-nominal t ra jectory effects a r e  included, pmax var ies  by approxi- 
mately an order  of magnitude. Hence n must  vary by an order  of magnitude. 
NOW a 10-pass maneuver i s  t he  maximum that can be accommodated in a s ix 
day on-orbit lifetime. Therefore,  the design environment must  be f o r  a one 
pass  mission t o  accommodate the  high atmopsheric  density low ta rge t  per igee 
l imi ts .  The nominal maneuver would be approximately a th ree  pass  mission. 
Fractional passes  would be interpreted a s  high drag termination in some way, 
e.g., deflating the device, stowing or  discarding it. The design c r i t e r i a  for 
the  pass  modulation technique reduces,  therefore,  t o  the  nominal one pass  
environment. Therefore  device s ize ,  etc. ,  is obtained on considerations of 
the one pass  maneuver.  
In order  to  use drag modulation t o  compensate for off-nominal condi- 
tions the  drag coefficient mus t  be modulated by an o rde r  of magnitude. This 
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in terpre ts  into a 10 to  1 variation in drag a r e a  which is probably difficult t o  
achieve. Fur thermore ,  the  design cr i te r ion  for the  drag modulation c a s e  i s  
obtained f rom the  nominal conditions for the  maneuver with the selected 
number of a tmospheric  passes .  Hence, a one p a s s  maneuver with a maxi- 
mum drag coefficient of ten t imes  that of the  basic AMOOS configuration 
mus t  be designed, in  the  worst  case ,  t o  withstand t h e  nominal thermal  en- 
vironment of AMOOS and hence r equ i re  an ablative TPS. This s imple resu l t  
demonstrates  the  mass ive  s ize  t o  be expected of the  high drag device. 
To obtain a definite design point for a high drag device, integrated 
t r a j ec to r i e s  w e r e  obtained for the  HB vehicle with a trail ing ballute. 
The drag coefficient of the ballute, based on EOS ca rgo  bay diameter ,  
was varied in order  to  achieve a range of the rma l  environment and hence 
establish the  t r a d e  between part ia l  t he rma l  protection and amelioration of 
the  the rma l  environment by the high drag device. The variation in target  
per igee,  pmax, 'ma, with ballute diameter  is given in Section 2.4.2. 
2.3 MISSION DEFINITIONS 
The incremental  velocity requirements  for a l a r g e  spectrum of miss ions  
were  computed for the AMOOS vehicle a s  well a s  for  the  Space Tug. 
Incremental velocity requirements  versus  miss ion  altitude a r e  shown 
in Fig. 19. Curves a r e  shown for missions involving a 28.5-deg inclination 
change a s  well as no  inclination change. F o r  the  AMOOS vehicle the pro-  
pulsive and the aeromaneuvering Av requirements  a r e  shown separately.  
The s u m  of the  two, of course,  is identical t o  the  Av requirement  of the 
propulsive Space Tug. Gravity losses ,  contingency and the Av values for  
sma l l  orbital  maneuvers  a r e  not included in the  data shown on Fig. 19. The 
incremental  velocities for orbital  maneuvers ,  midcourse  correction, docking, 
attitude control, gravity lo s s  and contingency a r e  given in Appendix A. 
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An interesting resu l t  of orbi t  t ransfer  mechanics is that, under the 
assumption of two burn Hohman t r a n s f e r s ,  the total  impulsive mission velocity 
increment decreases  with increasing altitude after reaching a maximum a t  a 
certain altitude. This maximum occurs  a t  about 70,000 krn and 100,000 k m  
for 28.5 and 0-deg orbit  inclination change, respectively.  This i s  due to  an  
increasing fraction of the  total  Av being required at the  t r a n s f e r  ell ipse 
perigees and the steady reduction in orbi ta l  speed with increasing orbi ta l  
altitude. The energy increment ,  of course,  increases  steadily. 
Schedules of the  consurnables expended in  executing the  baseline mission 
and al ternate  missions A and B a r e  shown in Appendix A. A detailed descr ip-  
tion of these schedules is a lso  given in Appendix A.  
The payload m a s s  capability for the  AMOOS v e h ~ c l e  was determined on 
the basis of the  Av budget and the  expendables, schedule. The  payloads were  
computed for the  four s t ruc tura l  ma te r i a l s  of the 5B vehicle and for the  
beryllium-aluminum HI3 vehicle. Payloads for the  baseline, a l ternate  A and 
B missions a r e  presented in Table 3. Each mission is to  an equatorial geo- 
synchronous orbit .  Figures  20,21 and 22 show the  payload m a s s  capability 
a s  a function of miss ion  altitude for the baseline mission (deployment and 
retr ieval  of the s a m e  payload m a s s ) ,  a l ternate  mission A (delivery of a pay- 
load only) and al ternate  miss ion  B ( re t r ieva l  of a payload only), respectively.  
A c i rcu lar  miss ion  orbit  was assumed.  Curves a r e  shown for  missions in- 
volving 28.5-deg inclination change as well a s  no inclination change. Also 
shown for comparison i s  the payload m a s s  capability of the purely propulsive 
tug a s  defined in the  Baseline Tug Definition Document (Ref. 2). The payload 
m a s s  capabilities shown in  Figs .  20, 21 and 22 a r e  for AMOOS dry  m a s s e s  of 
3774 kg (8320 lb) and 4589 kg (10,117 lb) which represent  the lightest and 
heaviest dry  m a s s  respectively.  
The advantage of the AMOOS concept over the purely propulsive tug 
l ies in missions to  high orb i t s  where the  propellant savings a s  a r e su l t  of 
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aerobraking a r e  la rges t .  This i s  clearly shown in Figs.  20, 21 and 22. The 
advantage of the  AMOOS concept diminishes for lower miss ion  orbi ts  and 
the  point i s  reached where the propellant saved by aerobraking cannot offset 
t he  additional m a s s  due t o  TPS and heavier s t ruc tu ra l  mass .  For  mission 
altitudes below this  point the purely propulsive tug has a l a r g e r  payload 
m a s s  capability. 
Total delivered mass capabilities t o  orbi ts  about Mars  and Venus were  
a l so  computed. These m a s s e s  were  obtained using approximately minimum 
Av t r ans fe r  orbi ts  and aerobraking a t  M a r s  and Venus. The round t r i p  pay- 
load t o  the  Moon was computed for a 72-hour t r ans fe r  t ra jectory.  The mission 
profile includes insertion into lunar orbit  and r e tu rn  to nea r  Ear th  orbit  using 
aerobraking t o  t r ans fe r  t o  EOS phasing orbit .  The  r e su l t s  a r e  presented in 
Table 5. The payload t o  M a r s  and Venus i s  11.31 8 kg (24,900 lb). These 
payloads a r e  identical s ince the Av values requi red  for the  t ransfer  orbit 
f rom n e a r  ear th orbit  t o  either planet a r e  negligibly different. These figures 
a r e  well  in excess  of the  payloads for the  Space Tug which were  estimated a s  
6836 kg (15,040 Ib) and 5491 kg (12.080 lb)  to  M a r s  and Venus respectively. 
The round t r i p  lunar payload for AMOOS i s  8558 kg (18,828 lb )  a s  compared 
t o  4407 kg (9695 lb)  f o r  the  Space Tug. The payload for t h e  interplanetary and 
lunar miss ions  i s  taken as the  total  m a s s  delivered. 
An investigation was made to  determine the  capability of the  AMOOS 
vehicle to p e r f o r m  the projected Space Tug miss ions  between 1983 and 1990. 
The  basic source  of data for  this task was the  Traffic Model for the  Space 
Shuttle (Ref. 8). DoD miss ions  were  not considered for lack of information. 
The total  number of missions studied were  149. The capability of performing 
a given mission was determined on the basis of payload m a s s ,  volume and 
dimensions (length and diameter) .  The resu l t s  a r e  given on the  following 
page. 
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Percent  of Missions AMOOS Can Pe r fo rm 
on the B a s i s  of Payload 
It was found that  all missions requiring a l a rge  orbi ta l  inclination (polar 
miss ions)  could be performed in t e r m s  of payload m a s s .  The 2% of the  mis- 
sions which could not be accommodated on the  basis of payload m a s s  r equ i re  
an expendable purely propulsive vehicle because of the  high propulsive AV 
required. A kick s tage and/or lunar slingshotting could possibly give AMOOS 
100% capability. Lunar slingshotting with a kick s tage would allow for  the 
recovery of the  AMOOS vehicle. 
Description 
High Density Payload Configuration 
High Volume Payload Configuration 
(Aft Cargo Bay) 
2.4 ANALYSIS OF FLIGHT ENVIRONMENT 
The data required to  p e r f o r m  the thermodynamic analysis of the flight 
environment and the s t ruc tura l  analysis  of the vehicle were  obtained f r o m  
t ra jec tory  simulations. These simulations were  per formed with a vehicle 
2 
m a s s  of 10,000 kg and an aerodynamic re ference  a r e a  of 15.69 m . The 
continuum drag and lift coefficients used to  obtain the t ra jec tory  a r e  p r e -  
sented on each figure.  The vehicle m a s s  of 10,000 kg corresponds to  a pay- 
load re t r ieva l  mission with a payload m a s s  of approximately 5500 kg. During 
the ear ly  phase of this  contract,  t ra jec tory  simulations fo r  both vehicles,  
HB and 5B, were performed with pre l iminary  aerodynamic data. It was found 
then that the  flight environment for  the two vehicles w e r e  s imi lar .  In p a r -  
t icular i t  was found that the m a s s  of the thermal  protection sys tem was mostly 
a function of the difference in vehicle geometry between vehicles HB and 5B 
rather  than a function of the difference in flight environment. Based on this 
observation the t ra jec tory  data were  recomputed only for vehicle HB with the 
m o r e  refined aerodynamic data,  which became available a f t e r  the wind tunnel 
tes t .  
Length and 
Diameter 
45% 
100% 
Mass  
98% 
98% 
Volume 
60% 
100% 
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The aerodynamic drag coefficients for the  ballute were  estimated using 
the Hypersonic Arbitrary-Body Program.  The shadowing effects of the HB 
configuration leading the ballute were  not est imated.  
The t ra jec tor ies  and hence t rajectory pa ramete r s  were  obtained by 
numer ica l  integration of the  equations of motion. Drag and lift coefficients 
for  continuum and f r e e  molecular flow a r e  inputs to the t rajectory simulation 
computer program.  The Lockheed bridging scheme (Ref. 1,  Appendix C .4) 
i s  an integral  pa r t  of this program s o  that drag  and lift coefficients a r e  auto- 
matical ly  var ied along the t rajectory a s  a function of Knudsen number.  The 
1962 U. S. Standard Atmosphere was used thrmghout  these studies to  give 
atmospheric  density a s  a function of altitude. 
A prel iminary study was performed to  de termine  the  importance of 
transit ional flow on the t ra jec tor ies  and hence the environment. To investi-  
ga te  the effects  of this  dependence upon apogee altitude a f t e r  the aeromaneuver ,  
the altitude a t  which transit ion f rom continuum to f r e e  molecular flow begins 
w a s  varied from nominal. The resul ts  a r e  presented in Fig. 23  fo r  a one- 
pass  mission. 
For  the  favored one-pass mission, the cu r ren t  configurations a r e  
somewhat insensit ive to  such changes in t ransi t ion altitude. However, the 
sensit ivity inc reases  with the number of passes .  A prel iminary study of a 
ten-pass  maneuver showed that for CL and C,, held constant a t  the continuum 
values the apogee alt i tude increased by 500 km. When the transition altitude 
was decreased  by 10 k m  the  vehicle reentered  on the  tenth pass .  Both of 
these  variations a r e  unacceptably la rge  and would requi re  correct ion during 
atmospheric  flight. 
The the rma l  environment was computed using heating r a t e  formulas  
dependent upon flow regime.  These formulas  a r e  given in Section 2.5.2. 
It should be noted that the flow regimes  designated continuum, transit ional 
and f ree  molecular  for  thermodynamic purposes do not necessar i ly  c o r r e -  
spond to the s a m e  designations for  aerodynamic purposes.  
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2.4.1 Flight Environment for the 5B and HB Configurations 
Figures 24, 25 and 26 present the target perigee altitude, maximum 
atmospheric density and maximum dynamic pressure,  respectively, a s  a 
function of the inertial velocity at  atmospheric entry a t  I20 km altitude. 
Also shown on the abscissa is  the mission altitude corresponding to  the 
entry velocity i f  a Hohman transfer  ellipse i s  assumed. The data a r e  for  
nominal atmospheric conditions and for a phasing orbit apogee altitude of 
720 krn. Entry velocities above 11,200m/s correspond to~ re tu rns  from 
lunar and planetary missions. For missions involving multiple atmospheric 
passes and entry velocities above a certain value the constraint must be 
satisfied that during the f irst  atmospheric pass enough energy is being 
dissipated to keep the vehicle from escaping the earth's gravitational field. 
In practice, the apogee altitude reached after the first atmospheric pass 
must not exceed a certain limit in order to satisfy the mission time line. 
This apogee altitude was chosen a s  35,000 km for the data in Figs. 24,25 
and 26. The dashed portions of the curves represent trajectories where 
this constraint has been reached. 
The advantage of the multipass aeromaneuvers is  to reduce the s'everity 
of the flight environment. Below certain limits for the entry velocity, de- 
pending on the number of passes, the excess energy of the vehicle is  dissi- 
pated in approximately equal increments during each pass of a multipass 
mission. The solid curves in Figs. 24,25 and 26 represent this region. 
The advantage of multipass aeromaneuvers of more than two passes is  lost 
at entry velocities above certain limits since the most severe flight environ- 
ment is  then encountered during the f irst  atmospheric pass. 
Typical nominal trajectories a r e  presented in Figs. 27 and 28 for a 
one-pass and a five-pass aeromaneuver. These trajectories a r e  computed 
using HB aerodynamic data. The plots of atmospheric density and dynamic 
pressure show the effect.of the rotation about the velocity vector. In the 
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case of the five-pass mission the decay of the perigee is  noticeable. The 
dccay of the perigee i s  such that qmax for each pass varies slowly compared 
to Prnax. 
Nominal and off-nominal trajectories a r e  shown in Figs. 29 and 30 for 
a one-pas s aeromaneuver and for a return from a geosynchronous mission 
orbit. The two off-nominal trajectories shown a r e  for a combination of 
navigation e r ro r s  and atmospheric density variations. Navigation e r ro r s  
a r e  represented by a 23.5 km variation in target perigee. The atmospheric 
density variation is  +40 and -35.5% from its nominal value. The atmospheric 
entry and egress speeds a r e  almost independent of target perigee. The low, 
dense atmospheric trajectories a r e  shorter timewise than nominal and the 
high, sparse  atmospheric trajectories a r e  longer timewise than nominal. 
As indicated in Section 2.2.1 the effect of the variation in atmospheric 
density and the variation in target perigee can be combined in terms of the 
rat io of effective density t o  nominal density, PE/P,,. This ratio is  0.395 
for the low density and high target perigee condition and 2.28 for the high 
density and low target perigee condition. These ratios represent the density 
variations a ballistic vehicle would encounter. 
The ratio of the maximum density the vehicle encounters during 
the low density and high target perigee condition t o  the  maximum density 
during the nominal trajectory is 0.66 (see Fig. 29). The corresponding 
ratio for the high density and low target perigee condition i s  1.41. If these 
ratios of actual encountwed density a r e  compared with the above mentioned 
ratios of effective density, the advantage of a maneuvering vehicle over a 
ballistic vehicle i s  evident. 
Typical stagnation heat loads for configurations HB and 5B trajectories 
a r e  presented in Table 6 .  For comparison purposes, the heat load to a I-m 
radius sphere a r e  presented. Various trajectories a r e  presented to show the 
effect of atmospheric density variations and entry point altitude variations. 
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In Table 6 ,  "RHOFAC" denotes the factor  by which the nominal density i s  
multiplied to  get  the  variation effects. Flight t imes  for atmospheric passage 
f rom 122 kin (400,000 ft) altitude a r e  shown for  comparison purposes.  Table 6 
i s  for  one-pass miss ions  only. 
Table 7 presents  peak heating r a t e s  and total  heat loads fo r  multiple 
pass  miss ions  for  configuration HE t ra jec tor ies .  Both nominal and off- 
nominal conditions a r e  shown. 
2.4.2 Flight Environment for Ballute Configuration 
The flight environment was investigated for the ballute configuration 
under the assumption that  drag modulation is employed to compeneate for 
off-nominal conditions. A variation in ta rge t  perigee of 23.5 k m  was used t o  
represent  navigation e r r o r s .  These were  coupled with t100 and -50% var ia -  
tions in  atmospheric  density a t  a given altitude. The fully inflated ballute 
yields the highest drag coefficient. The highest drag coefficient must  be 
used to  provide braking with the minimum design atmospheric  density, 
namely 3.5 km high and 0.5 pmax, Increasing the atmospheric density to  
that corresponding t o  3.5 krn low and 2 pmax yields approximately an order  
of magnitude inc rease  in p Atmospheric density, altitude and dynamic 
max  ' 
p r e s s u r e  a r e  shown in Figs .  31 and 32 a s  a function of relative velocity for 
the  two ext reme t ra jec tor ies .  
A study was performed t o  determine the effect of the ballute diameter  
on the flight environment. The t rajectory pa ramete r s  were  determined by 
assuming a ballute with a shape suggested by Goodyear Aerospace but with 
the diameter  a s  the  varying pa ramete r .  The number of a tmospheric  ae ro -  
braking passes  was assumed a s  the control variable to  compensate for density 
variations and navigation e r r o r s .  The one-pass mission corresponds to the  
most  dense atmosphere and thus to  the mos t  severe  flight environment. Maxi- 
mum density and ta rge t  per igee altitude for such a one-pass mission a r e  
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shown in  Fig. 3 3  a s  a function of ballute diameter .  A re turn  f rom geo- 
s yl~chronous orbit  was assumed.  
The thermal  environment and resulting tempera tures  for the ballute 
i s  given in Table 8. 
2.5 DESIGN DATA PARAMETERS FOR THE 5B AND HB CONFIGURATIONS 
The ground ru les ,  sources  and methods used for  estimating the ae ro -  
dynamic pa ramete r s ,  heating r a t e s ,  TPS, s t ructure,  weights and cos ts  of 
the  TPS and s t ruc ture  a r e  given in this section for  the 5B and HB vehicles.  
2.5.1 Aerodynamic Design Data P a r a m e t e r s  
The aerodynamic design data pa ramete r s  for both the AMOOS 5B and 
HB vehicles a r e  presented in this section. Initially, a compression and an  
expansion f lap (Fig.  34) were  considered for u s e  with AMOOS. The com- 
pression flap is body-curved with a hinge point located at the  bottom of the  
a f t  fuselage, 2.532 m forward of the  base. The expansion flap is a flat plate 
hinged a t  the  bottom of the  base. The compression flap was  eliminated f r o m  
further consideration following an experimental t e s t  program, which showed 
the flap to be ineffective a t  deflections g rea te r  than 10 deg. 
The or iginal  data for the flaps and the  basic configurations were  gen- 
erated by the Hypersonic Arbitrary-Body P r o g r a m  (Ref. 9 )  with Newtonian 
flow assumed.  Although a Newtonian flow assumption is probably not com- 
pletely valid, t he  accuracy was thought good enough to  enable comparison 
of different configuration's aerodynamic character is t ics .  Therefore,  data 
generated by this  p rogram were  utilized $0 select  both AMOOS HB and 5B 
fo r  detailed study in P h a s e  11. 
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In order  to obtain more  accurate  aerodynamic charac ter i s t ics  a wind 
tunnel tes t  program was conducted in the NASA-Ames 3.5 ft Hypersonic 
Tunnel. Both the AMOOS HB and 5B were  tested with a compression and 
expansion flap (see Ref. 10). The  basic conclusion of the t e s t  program w a s  
that Newtonian theory predicted the aerodynamics with reasonable accuracy 
except for  compression flap deflections g rea te r  than 10 deg. Also, New- 
tonian theory apparently did not accurately predict  the p r e s s u r e  distribution 
around the HB blunt nose resulting in a poorer  comparison between theoreti-  
cal and experimental data than fo r  the 5B vehicle, but s t i l l  acceptably accu- 
racy for preliminary design data. 
Since wind tunnel data w a s  obtained and i s  m o r e  accurate  than the 
Newtonian theory predicted data,  a l l 'design data pa ramete r s  shown in Figs.  
35 through 4 6  were  derived f rom the wind tunnel t e s t  data.  F r o m  these plots 
the following conclusions may be made about the aerodynamics of both ve- 
hicles. 
1. Both high CL and CD have been obtained (Fig. 35).  
2 .  L/D is seen to  be adequate f o r  mission accomplishment 
when Figs.  3 6 ,  37 and 3 8  a r e  compared to the L/D r e -  
quirements in Fig. 15. 
3. Both vehicles a r e  stable about all th ree  axes  a t  a 
t r immed center-of-gravity corresponding t o  an  
angle of attack at CL- with no flap (Figs.  39 
through 42). max  
4. Both vehicles a r e  capable of t r imming througout the 
expected center-of-gravity range in  a s table  att i tude 
utilizing the expansion flap (Figs. 43 through 46). 
Some prel iminary data have been generated for a modified expansion 
flap and vehicle afterbody (Fig. 47). This  modification was made necessary  
by the observance during the wind tunnel t e s t  of flow over the top s ide of the 
flap. This would cause high heating r a t e s  on the top s ide  of the flap, which 
i s  undesirable f r o m  a thermodynamic standpoint. 
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The new f lap configuration is called the  r a m p  ,flap. It consists of a r a m p  
fore-sur face  with a flat plate hinged a t  the base. There  i s  no slot for  rocket 
nozzle clearance in  the flap a s  existed in  the expansion flap. The r a m p  flap 
must  be deflected downward to  avoid plume impingement while the main  
engine i s  fired. While s tored in  the orb i te r  cargo bay the flap will be de-  
flected upward s o  i t  will  be flush with the base fo r  clearance. Aerodynamic 
charac ter i s t ics  fo r  the r a m p  flap have been generated utilizing the Hyper- 
sonic Arbitrary-Body P r o g r a m  (Appendix B). 
In general the r amp  flap is bet ter  f rom a multi-discipline standpoint 
than the expansion flap. Therefore,  any future work  should involve this  flap. 
2.5.2 Thermodynamic h a l y s i s  Summary 
During Phase  I the  convective aerodynamic heating r a t e s  were  calcu- 
lated using only continuum methods. However it was decided, due t o  the  
high altitude of the  AMOOS trajectory,  that a study should be made t o  deter-  
mine  i f  non-continuum flow was being encountered. If so,  then different 
methods would be needed t o  m o r e  accurately calculate the  heating. A short  
study was done and i t  was found that, for most  of the  heat load, the flow was 
in the  transit ional reg ime between continuum and f r e e  molecular.  The c r i -  
ter ion used in making this determination was as follows: 
For  
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the flow i s  free molecular, where Mm i s  the freestream Mach number and 
R P  i s  the freestream Reynolds number based on body radius. 
a, R 
For  
the flow is  continuum. 
These criterion were taken from a study by Engel (Ref. 11). 
A computer program was then developed to calculate maximum non- 
continuum heating rates on spheres, flat plates, cones and cylinders. The 
equations used in this program were taken from Ref. 11 and a re  listed in 
Appendix D. This program was then used to calculate heating rates for  
numerous trajectories throughout Phase 11. 
Radiative heating rates were calculated by the method of Perrine 
(Ref. 12) and found to make an insignificant contribution to the total heat 
load. 
Convective heating rate distributions around the bodies used for this 
study were taken from Ref. 13. These distributions were originally developed 
for continuum flow. However, according to Engel (Ref. ll),transitional flow 
regime distributions a r e  generally similar to the continuum distributions. 
Typical results of the heating environment are shown in Fig. 48. 
Lee -side convective heating rates were determined using the experi - 
mental distributions of Ref. 14. See Appendix D for further details. 
Various TPS mater ia l s  were  considered for AMOOS including the  
following: ( 1  ) coated columbium; ( 2 )  various superalloys; (3) an external 
rigid ceramic  insulation known a s  LI-900 and present ly being made  by 
Lockheed for the Space Shuttle Orbi ter ;  (4) carbon-carbon; and (5)  two 
abla tors ,  a Langley -developed low-density and SLA-56 1 developed by 
the Martin Company. 
Pert inent  the rma l  propert ies  for these  ma te r i a l s  a r e  given in 
Appendix D. 
In the analyses of these  mater ia l s  var ious methods were  used a s  
required.  For  example, in  the radiative type TPS mate r i a l s  such as coated 
Columbium and superalloys,  the peak heating r a t e s  were  used to  determine 
the  maximum radiative-equilibrium tempera ture  for various t ra jec tor ies ,  
body locations and configurations, e.g., HB o r  5B. These peak tempera tures  
were  then compared t o  the  allowable t empera tu re  for  each ma te r i a l  according 
t o  Fig.  49 t o  s e e  if that mater ia l  was applicable and to  determine the mass  
per  unit a r e a .  
For  the  LI-900 m a t e r i a l  which i s  pr i inar i ly  an  insulator and radiat ive 
mater ia l ,  the Lockheed Thermal Analyzer P r o g r a m  was used (Ref. 15). The 
p rogram performs a detailed conduction and radiation analysis with a variable  
the rma l  propert ies  capability. The LI-900 ma te r i a l  has  the  advantage that 
it i s  lightweight but i s  s t i l l  reusable.  I ts  density is approximately 144 kg/m 3 
3 (9 lbm/ft ) a s  compared with an ear l ie r  version of the  s imi lar  Lockheed m a -  
3 t e r i a l  LI-1500 which had a density of 240 kg/m3 (15 lbm/ft ). The LI-1500 
ma te r i a l  was considered for AMOOS in the  Phase  I study. 
T o  compute the  requi red  thicknesses  f o r  the  ablative TPS mate r i a l s ,  
the  NASA-Johnson Space Center STAB I1 ablative analysis  program (Ref. 16) 
0 
was used. A 589 K ( 6 0 0 ' ~ )  bond-line tempera ture  l imit  was used in  sizing 
the  ablative ma te r i a l  thicknesses.  The bondline i s  where the ablator is 
actually bonded t o  the  substructure.  This  cr i ter ion i s  f r o m  Apollo experience. 
LMSC-HREC TR D390272 
The STAB I1 computer program was used to  generate an ablator thickness 
versus total heat load curve for each material. This same curve was then 
used to apply to  each "node" or subarea of the vehicle surface to determine 
a local thickness according to the local heat load. These local values were 
converted to  masses and summed to  give the total TPS mass. Ablative 
materials were considered only for one-pass missions, i.e., they a r e  not 
reusable. 
For the carbon-carbon material no detailed thermal analyses were  
conducted since this material is  quite heavy and very expensive. The cost 
is  discussed later in this section. However, this material was considered 
initially due to  its reusability at extremely high temperature for a reas  such 
as  a nose cap or leading edge. 
Results of the TPS analyses showed that a one-pass mission using the 
Langley low-density ablator would give the lightest TPS mass. Table 9 shows 
the ablative TPS masses for various trajectories for HB and 5B configurations. 
These masses a r e  for the windward side only. These masses do not include 
the t r im flap TPS masses. Fo r  the HB and 5B the flap TPS masses a r e  
16 kg (35.2 lb) and 15.2 kg (33.4 lb),  respectively, for the worst case trajectory. 
The masses given in Table 9 include an additional 10% for closeouts around 
2 2 doors, access hatches, etc., and 0.74 kg/m (0.15 lb/ft ) for sealer and bonding 
agents. These numbers a r e  from Apollo TPS experience. 
Results of the lee-side TPS analysis showed that the minimum thickness 
required for manufacturing purposes of 0.25 cm (0.1 in.) would be sufficient 
for thermal protection. This yielded a mass per unit a r ea  of 0.570 kg/m 2 
2 (0.11 7 lb/ft ). 
Figure 50 presents results of a comparison of LI-900 material and the 
Langley low-density ablator. The curves shown a re  for mass per unit a rea  
versus total heat load. As seen the LI-900 is  about 5070 heavier. 
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Since cost is t o  be an  important consideration in the  AMOOS program, 
it was fel t  that it might be worthwhile to  consider a. heavier TPS i f  a signifi- 
cant cost  reduction could be obtained. It was felt  that  a cost  analysis might 
show that the  reusable  ma te r i a l s  were  cheaper.  Therefore,  a TPS cost 
analysis  was conducted with the following ground rules:  
9 25-pass l imit  on LI-900 
- 
e 1 6 5 0 ' ~  ( 2 5 0 0 ~ ~ )  maximum tempera ture  
limit on LI-900 
e 1 6 5 0 ~ ~  ( 2 5 0 0 ~ ~ )  maximum tempera ture  
limit on coated Columbium 
e Use wors t  c a s e  t ra jec tor ies  only 
e Ablators considered for  one-pass only 
o Total of 20 AMOOS flights 
e Neglect nose cap problem 
s Use superalloys in a r e a s  below 1 2 5 0 ' ~  ( 1 8 0 0 ~ ~ )  
o Coated Columbium i s  good for  100 passes  
a Carbon/carbon good for number of passes  
according to maximum tempera tu re  experienced 
per  Fig. 5 l ( f rom Ref.  17, p. 347) 
e Matcrial  and refurbishment cos ts  a s  shown in Table 10 
e Compare cost  on a per  flight basis.  
Most of the cost data and ground ru le s  a r e  taken f r o m  lfApollo-era" tech- 
nology a s  presented in the  appropriate  Shuttle Technology Conferences docu- 
ments  and data. 
Using these  ground ru les ,  TPS  costs  were  computed for  1, 2,  3 ,  5 and 10 
pass  missions.  The appropriate  ma te r i a l s  w e r e  applied to  each a r e a  of the  
vehicle according to  i t s  tempera ture  l imit  for  each mission/trajectory. 
The a r e a s  were  computed and converted t o  costs .  Refurbishment costs  
w e r e  computed a s  required in accordance with the  ground ru les .  
Resul ts  of the  study a r e  shown in Table 11.  A range  of values is shown 
in the cost  column due t o  the  range of re furb ishment  costs a s  presented in 
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Ref. 17. As shown by Table 11, the one-pass ablative-superalloy TPS approach 
provided the cheapest system. However, this system i s  much heavier than the 
ablator-ablator system. The next cheapest i s  the ablator--LI-900 approach. 
However, it i s  also heavier than the ablator-ablator approach. Because of this 
the ablator-ablator system is  recommended for the AMOOS vehicle. 
2.5.3 Structural Analysis Summary 
The primary structure of the 5B and HB AMOOS configurations a r e  
typical shell structures stiffened internally by stringers and ring frames. 
The aft body flap i s  also a skin structure stiffened by frame members. The 
cargo bay doors a r e  considered to be non-structural for load-carrying capa- 
bility but must withstand a pressure  differential at  various times during the 
typical mission cycle. 
The TPS i s  bonded to  the external surface of the skin and i s  removed 
whenever refurbishment i s  necessary. This operation plus the use of stand- 
ard  gages for practical manufacturing considerations resulted in the selection 
of a minimum skin gage thickness o f t  = 0.981 m m  (.032 in.). This is not an 
optimum value based on minimum weight-stiffened cylindrical shell design 
criteria but is a realistic, practical minimum gage for metallic materials. 
The ring and stringer spacings a r e  determined by local and general insta- 
bility, in most cases, rather than by material strength limitations. 
Layout drawings for the 5B and HB small payload bay configurations 
a r e  shown in Figs. 52 and 53, respectively. The HB aft payload bay con- 
figuration is  shown in Fig. 54. Location and arrangement of the major vehicle 
components a r e  shown. The interface attachment points to the Space Shuttle 
orbiter for the 5B vehicle a r e  a t  the 7 and 17 m stations for the vertical and 
longitudinal supports, and the 7 m and 15 m stations for the lateral support. 
The interface attachment points for the HB vehicle a r e  located at  the 5 and 17 
m stations for the longitudinal and vertical supports, and the 5 and 15 m 
stations for the lateral support. In addition a hinge line attachment i s  located 
at the lower r ea r  of the AMOOS vehicle, at  the aft flap hinge line. It is  used 
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a s  a pivot point t o  ro ta te  the  vehicle in-and-out of the  shuttle cargo  bay. The 
ver t ica l  and longitudinal load attachment points a r e  on the  outside sur face  of 
the  shel l  s t ruc tu re  and a r e  located on the vehicle centerline.  The l a t e ra l  
support points a r e  on the  top of the AMOOS vehicle and a r e  located on the  
centerline.  Both AMOOS configurations a r e  rotated 180 deg about the  longi- 
tudinal axis and rotated 180 deg about the  ver t ica l  axis for installation in the  
Space Shuttle cargo  bay, Fig.  55. This i s  necessi ta ted by the  location of the  
l a t e r a l  attachment points in the Space Shuttle vehicle.  If the  AMOOS la t e ra l  
attachment points w e r e  located on the  underside of the  vehicle, they would 
be exposed t o  a higher t empera tu re  environment during the AMOOS reent ry  
flight . 
The c r i t e r i a  used in the  s t ruc tura l  design were:  (1) t he  vehicle center 
of gravity and mass has t o  fall within the  Space Shuttle payload center  of 
gravity envelope; (2)  acceptable center-of-gravity location and range for the 
vehicle mission profile; (3) the  s t ruc ture  i s  thermally protected s o  that i t  
does not exceed a uniform tempera ture  of 5 8 9 O ~  ( 6 0 0 ~ ~ ) ;  and (4) the  c r i t ica l  
load occurs  during the  AMOOS pass  through the  a tmosphere  o r  during the  
Space Shuttle flight environment. 
Four candidate ma te r i a l s  were  selected for t h e  pr imary  s t ruc ture ,  
t h ree  metal l ic  and one non-metallic. All four m e e t  the  maximum tempera-  
t u r e  requirement .  The metal l ic  mater ia l s  a r e  t i tanium ( T ~ - ~ A P - ~ v ) ,  
beryllium-aluminum, (Be-38% AQ) and magnesium (HM2 1A-T8). The prop- 
e r t ies  for these  th ree  meta l l ic  mater ia l s  fo r  r o o m  tempera ture  and the  
5 8 9 O ~  ( 6 0 0 ~ ~ )  t empera tu re  1evel .are  given in Table 12. Values a r e  given 
in Table 13 fo r  a s e r i e s  of s t ruc tura l  t e s t s  for  graphite/polyimide (Gr/Pi)  
specimens. Data a r e  s t i l l  limited for Gr/Pi .  Most  strength propert ies  given 
a r e  average t e s t  values and do not correspond t o  the  "A" o r  "B" values given 
in MIL-HDBK-5 that a r e  required for s t ruc tu ra l  design. Hence conservatism, 
such a s  l a r g e r  safety fac tors  and/or l a r g e r  marg ins  of safety, mus t  be used 
in  any Gr /P i  design a t  t he  present  t ime.  
The  m a s s  distributions established in the  P h a s e  I study were  refined 
for the  two AMOOS configurations based on the  l a t e s t  loads,  TPS requirements  
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and s t ruc tura l  mater ial .  The m a s s  distributions f o r  both the 5B and HB 
confijiurations a r e  given in Figs. 56 and 57, respectively. The  distribution for 
thc orb i te r  l'lunch, AMOOS reent ry  and orbi ter  rcentry masses  a r e  given for 
thc Be-38% A1 configurations. The center-of-gravity ranges for these  conditions 
a r e  given in Table 14. The possible AMOOS center-of-gravity range in the 
Shuttle cargo  bay i s  shown in Fig. 58. The full and purged fuel tank conditons 
a r e  shown. These correspond to  the  orbi ter  launch and reent ry  and landing 
configurations. The three  selected AMOOS payload missions a r e  shown. The 
th ree  missions a re :  (1) Baseline - 1360 kg delivered t o  orbi t  and returned t o  
earth; (2)  Alternate A - 3660 kg delivered t o  orbit; and (3) Alternate B - 1886 kg 
returned f r o m  orbit  t o  earth. Values a r e  shown for the Be-38 At vehicles only 
since they a r e  the  lightest of the  four candidate mater ials .  
A d ry  m a s s  breakdown for the two Be-38AQ configurations i s  given in 
Table 15. The ~ r / ~ i  5B configuration m a s s  value i s  a l s o  given. This vehicle 
i s  over the  4247 kg d ry  m a s s  allowable for Alternate A mission but i s  
s t i l l  under the maximum allowables for  the Baseline and Alternate B 
missions.  This m a s s  i s  conservative due to tne small  amount of tes t  data 
available for design purposes and a lso  due t o  the  low shea r  strength exhibited 
by the  panels tested s o  f a r  (Ref. 18).  Different orientations of the graphite 
f ibers  may possibly increase  this  s t rength property.  Laminate separation 
i s  a l so  another problem a r e a  but this  is usually caused by voids in  the  com-  
posite and not necessar i ly  a m a t e r i a l  strength failure.  Additional r e sea rch  
and testing of Gr /Pi  and other s imi lar  composites in the next few yea r s  will 
probably make Gr /Pi  a very competitive AMOOS s t ruc tura l  mater ia l .  
Honeycomb construction was not considered in this phase study due 
to  the  5 8 9 ' ~  ( 6 0 0 ' ~ )  s t ruc ture  tempera ture  requirement.  This tempera ture  
level would resu l t  in degradation in most  honeycomb braze  mater ia l s .  The 
tempera ture  level would also r equ i re  the co re  ma te r i a l  to be Be-AP or  Ti. 
The cr i t ica l  load condition was assumed t o  occur during the AMOOS 
reentry t o  t h e  atmosphere or  during a Space Shuttle flight environment. A 
l i s t  of thepayload bay limit  load fac tors  for  the Space Shuttle flight environment 
i s  given in Table 16. The maximum combination of load factors  occurs  in the 
orbi ter  end burn condition during which the  M O O S  is a t  maximum weight. 
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Aerodynamic normal  and axial  force distributions,  combined with the 
m a s s  distribution, were  analyzed to  determine the  maximum vehicle bending 
moments ,  axial loads and shear  loads during AMOOS reentry.  The ae ro -  
dynamic force distributions for both AMOOS configurations a r e  given in 
Appendix C. The maximum flight loads occurred at a dynamic p r e s s u r e  
2 
of 5920 N/m2 for the  5B and 5038 N/m for  t h e  HB configuration. The 
resul tant  vehicle bending moment,  axial  load and shea r  load distributions 
a r e  given in Appendix C. 
The limit compressive load, N, in the  stiffened shell was determined 
by the  equation, 
The maximum combination of bending moment and axial load was found to  
occur  during the  Space Shuttle Orbiter end burn for both vehicles. The design 
load, ND, equals the l imi t  load N multiplied by the factor of safety f = 1.25 
Design load value for the  forward cylindrical section of the 5B vehicle, 
Station 5.3 - 9.1 m ,  i s  65,500 ~ / m  (374 lb/in.). A design load of 38,705 ~ / m  
(221 lb/in.) was used for the  remainder  of the  vehicle. Based on these load 
values skin thicknesses and s t r inger  spacing were  determined. Standard gage 
thicknesses  only were  considered in selecting the  skin.  Analyses were  per: 
formed to ensure that local and general  instability would not occur for the  
above design load values. Skin panel buckling between stiffeners was not 
allowed a s  this would cause failure of the TPS bond. 
Design load values for  the HB configuration are :  ND = 45,009 N/m 
(257 lb/in.) for the nose  and forward body section, Station 0.0 - 7.6 m ,  and 
ND = 16,638 ~ / m  (95 lb/in.) for the remainder  of the body. Typical c r o s s  - 
sectional dimensions a r e  given in Table 17 for both of the  Be-38 AP con- 
figurations.  
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The aft body flap i s  a flat panel with I-beam stiffeners on the leeward 
side. The stiffeners were sized to carry the bending moment resulting from 
the normal force without local o r  general instability occurring. 
Preliminary cost data were obtained for the Beryllium-Aluminum, t i -  
tanium, magnesium and ~ r / ~ i  materials. The total cost per pound for the 
stiffened shell structure i s  considerably different for the different materials. 
There are  also major differences in the material and fabrication costs among 
the four. 
- - 
The material cost for the Be-38 AP i s  approxi-mately $990 per kg for 
thin sheet and extrusions. This material is  a low quantity production item, 
resulting in high foundry prices. The fabrication cost for a typical stiffened 
panel i s  approximately $400 per kg. Hence, a total cost per kg of $1390 
($630 per pound). 
The material costs for titanium (Ti-6 AP-4V) and magnesium (HM21A-T8) 
a r e  approximately $15 and $4.50 per kg, respectively, for  thin sheets and ex- 
trusions. Typical fabrication costs for either material would be $13 per kg. 
Therefore, the total cost per kg i s  $28 ($13 per pound) and $17.50 ($8 per pound) 
respectively . 
The material cost for the G r / P i  i s  approximately $375 per kg with a 
fabrication cost of roughly three times that amount, namely $1125 for stiffened 
panel type construction. This gives a totkl cost of approximately $1500 per kg 
($680 per pound). 
The fabrication cost for the HB configuration will be much higher than the 
5B due to the tapered elliptical shape. Tooling costs a r e  greatly increased, 
especialIy for the Gr/Pi vehicle, due to  the non-standard shape and non- 
symmetrical panels throughout the vehicle length. A 1000/o increase in fabri- 
cation cost for the HB over the 5B should be used and a s  much a s  200 to 300% 
for the Gr/Pi structure. 
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Although the  above values a r e  prel iminary,  they do offer an approxi- 
m a t e  est imate of the  comparative cost differences between the possible 
ma te r i a l  and vehicle shape combinations. Using the  above values the 5B 
magnesium vehicle should be the l eas t  costly of the  possible combinations. 
2.6 VEHICLEDESIGNDATAPARAMETERSFOR THEBALLUTE 
CONFIGURATION 
The ground ru les ,  sources and methods used for estimating the  aero-  
dynamic pa ramete r s ,  heating r a t e s ,  TPS and m a s s e s  a r e  given in this  section 
for the  ballute high-drag device. The  ballute was assumed t o  be towed behind 
the  HB vehicle at z e r o  lift angle of a t tack for the purpose of estimating the 
TPS requirements  for the  spacecraft .  
2.6;. 1 Ballute Aerodynamic Analysis Summary 
The aerodynamic drag coefficient was computed for the ballute configura- 
tion shown in F i g .  7. The Hypersonic Arbitrary-Body P r o g r a m  was utilized with 
a Newtonian flow assumption. The ballute was  assumed t o  be flying a t  z e r o  
angle of attack. Various drag coefficients were  obtained by ratioing up the  
coefficients a s  a function of cross-sect ional  a r e a .  This enabled quick computa- 
tion of CD for various s izes  of ballutes. 
2.6.2 Ballute Thermodynamic Analysis Summary 
Heating r a t e s  for the  ballute configuration were  calculated using the 
method of Vaglio-Laurid (Ref.19) for an unyawed cone. This method is known 
a s  the  s t reaml ine  divergence method. In this  method a modified character is t ic  
length calculation i s  made  for use  in the Blasius incompressible  flow solution 
modified for  compressible  flow using Ecker t ' s  re ference  enthalpy to  obtain 
fluid propert ies .  A typical ballute heating r a t e  curve  is shown in Fig. 59. 
The tempera ture  l imit  on protected fabric  made  f rom Goodyear Fiber B 
i s  1 3 6 7 ~ ~  ( 2 0 0 ' 0 ~ ~ ) .  A study was conducted t o  determine what s i ze  ballute 
would be required to  keep the  sur face  t empera tu re  below th is  value. In this 
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study, the ballute diameter  was  increased  f rom 15.2 to  60.4m and t empera -  
tu res  calculated f o r  three locations on the conical surface.  
Results of the ballute analyses  a r e  shown i n  Table 8. Various ballute 
diameters  were  t r ied  and the resulting heating r a t e s  and radiative equilibrium 
tempera tures  were  calculated. As seen f rom Table 8, the temperature values 
a r e  above those allowed for  normal  organic mater ia l s ,  i. e . ,  approximately 
5 9 0 ~ ~  ( 6 0 0 ~ ~ ) .  
The peak tempera tures  on the basic  AMOOS vehicle were  also est imated 
and shown t o  be such that a TPS, although reduced, was still required. The 
heating r a t e s  and TPS m a s s  a r e  given i n  Table 18. 
. . - - - ~ . . . . - .-~ - 
. . 
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2.6.3 Ballute Structural Analysis Summary 
A ballute fabr ic  m a s s  of 1820 kg (4000 lb) ,  a s torage volume requirement  
3 3 
of 719 kg/m (45 lb/ft ) and a g -loading of 3 during AMOOS reent ry  t o  the atmos - 
phere were  the ballute data supplied f o r  s t ruc tura l  and m a s s  analysis.  
3 3 Based on the  s torage requirement  a total  volume of 2.53 m (89 f t  ) i s  
required for the ballute fabric.  An additional 1070 volume was assumed for the 
vables, deployment mechanism, etc., resulting in a total s torage volume requi re-  
3 3 
ment of 2.84 m (100 ft  ). This volume can be packaged in a cylinder with a diam- 
e te r  of 1.83 m by 0.914 m length (6 x 3 ft). Adequate volume i s  available in the 
nose section of the smal l  cargo  bay vehicles fo r  this packaging. However, this  
volume is not available for this  packaging on the  aft  cargo bay vehicles. 
A total  cable length of four  vehicle lengths was assumed,  1 = 72 m (240 ft). 
The cable loading was determined based on the  AMOOS reent ry  weight of 8380 
kg (18,500 lb )  and the 3-g fac tor .  
8 2 A working s t r e s s  level  of 1 . 3 7 8 ~  10 N/m (20,000 p s i ) i s  used for  the 
cable. This i s  a conservative value corresponding to  a safety factor of 5. Fai lure  
of the cable would resu l t  in loss  of the vehicle. The required cable a r e a  is 
The m a s s f o r  the cable, assumirig s tee l  cable ,  i s  
Assume  m a s s  values of 91 kg (200 lb)  for  t he  deployment mechanism; 
23 kg (50 lb )  additional s t ruc tu re  for mounting hardware ;  and 23 kg (50 lb)  for  
t he  ballute s to rage  package. Hence the tota l  ballute sys t em m a s s  i s  
Ballute 1815 kg (4000 lb)  
Cable 1048 kg (2310 lb)  
Deployment Mech. 91 kg (200 lb )  
Mounting Hardware  23 kg (50 lb)  
Package  23 kg (50 lb)  
3000 kg (6610 lb)  
The m a s s  saved in the AMOOS f r o m  the i t e m s  no longer requi red  
would be: 
External  TPS 493 kg (1087 l b )  
Internal TPS 155 kg (343 lb) 
Body Flap  102 kg (225 1b) 
750 kg (1655 lb)  
No additional s t ruc tu ra l  m a s s  would be saved with the presen t  configura- 
t ions s ince the body she l l  sizing is determined by t h e  orb i te r  launch environment. 
The ballute would r e su l t  in a net  m a s s  gain of: 
Added Mass  3000 kg 
Saved M a s s  750 kg 
Net Mass  Gain 2250 kg (4960 lb )  
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No savings can be shown with the  present  configuration for the  addition of the  
ballute system. The effect of this  system on the center-of-gravity location 
and range was not determined.  A forward center-of-gravity shift would be 
experienced due to  the  location of the  sys tem in the nose.  
The intent of the  ballute is to  remove the  requirement for a TPS f rom 
the vehicle. However, even with the 60.4 m (198 f t )  d iameter  ballute an un-  
protected shell  s t ruc tu re  i s  not possible even with the s t ruc tura l  ma te r i a l s  
considered. It should be noted that, even if an aluminum skin could be used, 
a s t ruc tura l  m a s s  savings could not be obtained s ince the  mater ia l  proper t ies  
to  density ra t io  of beryllium-aluminum i s  superior  to conventional aluminum 
- 
alloys. The use  of a l e s s  exotic ma te r i a l  could resul t  in a mater ia l  cost 
saving. However, neither aluminum nor titanium can be used without a TPS. 
2.7 TRADE AND OPTIMIZATION STUDIES 
These studies encompassed fundamental t r ades  between aeromaneuvering 
techniques such a s  the  ballute ve r sus  the ablative TPS and detail t rades  between 
specific ablative TPS vehicles.  
2.7.1 Ballute vs  Ablative TPS Vehicles 
The basic drawback to  the ballute s tems f rom the  l a r g e  ballute d iameter  
required t o  effect an appreciable  surface tempera ture  reduction on the  space- 
craf t  and the ballute i tself .  A ballute diameter  of approximately 60 m is r e -  
quired to  reduce the sur face  tempera tures  to  the  acceptable level  of 1 3 6 7 ' ~  
( 2 0 0 0 ~ ~ ) .  As Table 8 shows the peak surface temperature on the ballute 
decreases  slowly with inc reases  in ballute diameter .  Similarly, the  sur face  
tempera ture  on the  spacecraf t  decreases  slowly with increases  in ballute 
diameter.  This resu l t s  in a TPS being required for the  spacecraf t  and internal 
stowage for the r e tu rn  payload even for l a rge  d iameters  of the  ballute. The 
t r ade  between ballute m a s s  and savings in TPS and s t ruc tura l  m a s s  proves,  
therefore,  t o  be unfavorable. The position of the ballute is further degraded 
when cable m a s s  and attachment points a r e  considered. 
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The problems associated with off-nominal atmospheric density and t r a -  
jectory conditions have been discussed in Section 2.2.4. The conditions im- 
posed on the guidance and targeting system during atmospheric flight allow 
for no amelioration effects on the thermal environment a s  do the possible 
guidance schemes for the ablative TPS vehicle. 
The spacecraft creates a shadowing effect on the ballute which makes 
accurate drag estimation difficult on the ballute or combined configuration. 
Also shock cone impingement on the ballute i s  a possibility a t  the very high 
Mach numbers encountered. This impingement problem can, of course, be 
overcome by choice of a sufficiently long cable, which, in turn, increases 
the mass  of the ballute system. 
2.7.2 5B and HB Aerodynamics 
From a performance standpoint, the 5B vehicle i s  the better of the two 
vehicles because of its larger l i b t o - d r a g  ratio (Fig. 36). The difference in 
CD between the two vehicles was found not to  be significant from a trajectory 
standpoint. 
From a stability standpoint, the HB is  more stable than the 5B about al l  
three  axes. However, since no stability criteria have been established except 
for stability about a l l  three axes, either vehicle might fulfill the final require- 
ments. 
2.7.3 5B and HB Trim Flap 
From a trimmed center-of-gravity range standpoint, both vehicles a r e  
capable of being trimmed throughout the expected center-of-gravity range with 
either the expansion or ramp flap. Of course, the ramp flap has a larger trim 
range capability. Since the compression flap failed to  give the required t r i m  
capability it was eliminated. 
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The th ree  candidate flap configurations were  evaluated a s  to  potential 
TPS requirements .  The r a m p  flap proved t o  be equally acceptable a s  the  
compression flap. The expansion flap without the  r a m p  presents  problems.  
These problems a r i s e  f rom the  gap between the  r e a r  of the  AMOOS vehicle 
and the  exposure of the  outboard leading edges when in use.  As a resu l t ,  the  
upper sur face  of the  flap would r equ i re  a TPS a s  well  a s  the  under surface.  
Fur thermore ,  the configuration i s  difficult t o  analyze accurately s o  that either 
considerable testing or  a conservakive TPS would be required.  
Since the r a m p  flap was acceptable a f te r  both aerodynamic and the rma l  
evaluation i t  was chosen over t h e  expansion flap. 
2.7.4 Structural Mater ials  
Four candidate mater ia l s  were  investigated for the  vehicle body shell .  
These were :  (1) titanium, Ti-6 A#-4V alloy; (2)  beryllium-38% aluminum (Be-38AP) 
(3) magnesium (HM21A-T8) and (4) a non-metallic mater ia l ,  graphite/polyimide. 
The densit ies of the  Be-38 Ae, HM21A-T8 and Gr /Pi  a r e  47, 4Q and 31%, re-  
spectively, of that of titanium and all four a r e  adequate strengthwise throughout 
the required temperature range. 
The titanium vehicle m a s s  exceeded the  budgeted dry m a s s  of 4247 kg 
(9363 lb) .  The ~ r / P i  vehicle was over the allowable for the  Alternate A m i s -  
sion but was well within the allowables for the  other two missions used as 
design cr i te r ia .  This m a s s  value i s  conservative due to  the  sma l l  amount of 
t e s t  data for Gr /Pi  and the problems encountered with laminate  separation. 
The Be-38 A1 vehicle was well within the  dry  m a s s  budget a s  was the mag-  
nesium vehicle. 
On a cost basis the  Be-38 AP and Gr /Pi  5B vehicle s t ruc tu re  cost ap-  
proximately the s a m e  considering the  total  mater ia l  cost and fabrication cost 
on a p e r  kg basis. The m a s s  difference in the  two would make  the  Gr /P i  ve- 
hicle total  cost l a rge r  a t  this t ime .  The ti tanium and magnesium s t ruc tu res  
would be considerably cheaper than either the Be-AP o r  the Gr/Pi.  The cost  
difference between titanium and magnesium i s  minimal.  The HE vehicle 
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s t ruc tu re  manufacturing cost is a t  l eas t  10070 m o r e  than the 5B due to  the  
tapered elliptical body shape. This shape requi res  additional complex 
tooling f o r m s .  
Currently,  the  mater ia l s  t r ade  appears  t o  be between Be-A1 with a 
higher payload and cost and magnesium with a slightly lower payload and 
considerably lower cost.  At this t ime the  magnesium s t ruc ture  would be 
prefer red  s ince  on a f i r s t  unit cost basis  it yields a slightly better payload 
per  dollar figure. 
2.7.5 TPS Mater ia l s  
The Langley low density ablator has been selected over other TPS 
mate r i a l s .  T rade  studies between this  ma te r i a l  and other ablative or  
insulative ma te r i a l s  showed this  ablator t o  yield the lowest TPS mass .  
The m a s s  t r ades  a r e  summarized in Table 9 and Fig.  50. The cost t r ades  
a r e  discussed in  m o r e  detail in  Sections 2.5.2 and 2.9. 
2.7.6 Mixed Atmospheric and Propulsive Braking Maneuver 
The possibility of reducing the  severity of the flight environment by a 
mixed atmospheric  and propulsive braking maneuver was studied. In this 
mode, a portion of the braking AV required at the  per igee  of the t ransfer  
ell ipse (a re tu rn  f r o m  geosynchronous orbit  was assumed for this study) would 
be performed propulsively. The resulting reduction in aeromaneuvering Av 
allows the  aeromaneuver  t o  be performed a t  a higher altitude which in turn 
r e su l t s  in lower heating r a t e s  and heat loads and thus  a possible reduction in 
TPS m a s s .  The t r ade  involved in these  studies i s  one of additional propellant 
m a s s  ve r sus  savings in TPS m a s s .  Other m a s s e s  involved, namely s t ruc ture ,  
avionics, etc., a r e  almost  independent of the type of aeromaneuver  performed 
and a r e  thus omitted f rom the  t r ade  study. 
A one-pass miss ion  with the  ablative TPS concept was investigated. The 
r e tu rn  f r o m  a geosynchronous orbit mission was assumed.  Figure 60 shows 
- 
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TPS and propellant m a s s  versus  the  portlon of the total  braking Av which is 
performed propulsively. For  the  given mission the total braking AV at the 
perigee of the t ransfer  ellipse i s  2300 m/s .  The ablator TPS m a s s  fo r  pro-  
pulsive Av values below 1000 m/s remains  almost  constant, while the  pro- 
pellant m a s s  required for a propulsive Av of 500 m / ~  already exceeds the 
total  TPS m a s s .  The curve  showing the  sum of the propellant and ablator 
m a s s  has i ts  minimum a t  z e r o  propulsive Av. The t r ade  is thus clearly in 
favor of the pure aerobraking mode. 
- 
2.7.7 Propulsive Compensation for  Off-Nominal Trajectory and Atmospheric 
Conditions 
The cost  of thrusting to  compensate  for off-nominal t ra jectory and atmos-  
pheric conditions was evaluated. It was assumed that the  thrus t  vector to  com- 
pensate for off-nominal conditions is perpendicular to the velocity vector and 
thus i s  essentially acting l ike a l if t  force .  It was further assumed that this  
concept i s  feasible. A potential problem is the main engine burn during atmos-  
pheric flight. This requi res  protection of the nozzle f rom the flight environ- 
ment,  resulting in additional s t ruc tu ra l  and TPS m a s s .  
The re turn  from a geosynchronous miss ion  orbit  in one atmospheric  pass  
was investigated. Figure 6r shows the  propellant m a s s  required i f  th rus t  i s  
used to compensate for off-nominal conditions a s  a function of the ratio of 
effective density to  nominal density. The difference between effective density 
and nominal density represents  the  combined effects of navigation e r r o r s  and 
atmospheric  density variations.  See Section 2.2.1 for a m o r e  detailed discussion 
of the meaning of the effective density.  
Combining the  effect of a t r a j ec to ry  whose target  perigee is 3.5 km higher 
than nominal with an atmospheric  density variation of -35% f rom nominal, using 
the  RSS method, resu l t s  in a PE/pnom = 0.48. The additional propellant r e -  
quired is obtained f rom Fig.  6 1 a s  770 kg. 
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It is  concluded that this type of compensation for off-nominal conditions 
i s  not economical due to the excessive propellant requirements and the need 
t o  protect the main engine nozzle from the flight environment, especially 
because the same compensation capability can be obtained by using aerodynamic 
lift forces. 
2.7.8 Propellant Saved a s  a Function of Aeromaneuvering Plane Change 
The aerodynamic lift forces of the AMOOS vehicle can be employed to 
perform part of an inclination change during the atmospheric flight. This 
results in a savings in propellant mass .  The Space Tug Baseline mission 
( i . ,  equatorial geosynchronous orbit mission involving a 28.5-deg inclina- 
tion change) was analyzed to determine the propellant savings and the 
optimal split in inclination change between geosynchronous orbit and low 
earth orbit. 
The M O O S  vehicle HB has a 7.4-deg inclination change capability for 
the analyzed mission in its no flap configuration. It was assumed that this 
7.4-deg inclination change could be achieved t o  within 1 deg due to uncertainties 
in the atmospheric density, navigation e r ro r s  and guidance system limitations. 
This results in a 50 kg propellant mass contingency for the aeromaneuvering 
inclination change. 
The inclination change at  geosynchronous orbit i s  combined with the 
deorbit ellipse insertion burn. Only the additional fuel required for the 
inclination change was considered in this analysis. 
Figure 62 shows the propellant mass  for the  inclination change in low 
earth orbit, a t  geosynchronous altitude and the total a s  a function of the fraction 
of the 28.5-deg inclination change performed in low earth orbit. The propellant 
required for the inclination change in low earth orbit consists of the 50 kg con- 
tingency for the aeromaneuvering inclination change up to 7.4 deg and increases 
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rapidly for l a rge r  angles due t o  the fuel required for the propulsive portion of 
the inclination change. The propellant m a s s  shown in Fig.  62 fo r  the inclination 
change a t  geosynchronous orbit  i s  for an angle of 28.5 deg minus the inclination 
change in low ear th  orbit .  The total  propellant used to accomplish a 28.5-deg 
inclination change consis ts  of the sum of the propellants used for the par t ia l  
inclination changes in low ear th  orbit and a t  geosynchronous altitude. The 
curve showing the total propellant has a distinct minimum a t  7.4-deg inclina- 
tion change in low ear th  orbi t ,  which indicates that  the full aeromaneuvering 
inclination change capability of the vehicle should be utilized. The propellant 
saved via aeromaneuvering inclination change i s  about 300 kg a s  compared to  
a purely propulsive inclination change. 
2.7.9 Sensitivity Analysis 
A sensit ivity analysis  was performed t o  determine the effect of AMOOS 
total  m a s s  delivered to  orbit  by the EOS, the AMOOS d r y  m a s s  and the specific 
impulse of the main engine on the AMOOS payload m a s s  capability. A comparison 
of the sensit ivit ies of the AMOOS payload t o  the sensit ivit ies of the Space Tug 
payload i s  given in Table 19 f o r  the miss ions  to equator ia l  geosynchronous orbi t .  
The sma l l e r  absolute values of these  sensit ivit ies means that AMOOS will ex-  
perience a sma l l e r  percentage change in payload for a given change in each of 
the above pa rame te r s  than will the Space Tug. 
The sensit ivit ies a r e  presented in Figs .  63, 64 and 65 a s  a function m i s -  
sion orbi t  altitude. A c i rcu lar  miss ion  orbi t  was assumed.  Missions w e r e  
considered requiring n o  orbi t  inclination change a s  well a s  28.5-deg inclination 
change. Also considered w e r e  miss ions  involving deployment and r e t r i eva l  of 
the s a m e  payload m a s s ,  deployment only and r e t r i eva l  only. The par t ia l  de-  
rivatives were evaluated fo r  a total  AMOOS m a s s  delivered t o  orbit  by the EOS 
of 28,848 kg, an AMOOS d r y  m a s s  of 4247 kg and a specific impulse of 470 s .  
The par t ia l  derivatives a r e  functions of AMOOS del ivered m a s s ,  d r y  m a s s  and 
specific impulse (as well a s  other pa rame te r s  not mentioned h e r e )  and a r e  
therefore  valid only for sma l l  changes around the parameter  values used t o  
compute the par t ia l  der ivat ives .  
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The mission involving re t r ieva l  of a payload tends to have a la rge  
sensitivity with respec t  t o  all pa ramete r s  considered. This l a rge  sensitivity 
i s  not of g r e a t  significance since the re  exists a l a r g e  contingency in payload 
m a s s  capability for th is  par t icular  miss ion .  
2 .8  OPERATIONS ANALYSIS 
This analysis  i s  based on the  operational functions of North American 
Rockwell 's point design Space Tug containing a 44,500N (10,000) thrust  advanced 
LOX-LH2 main engine (Ref. 3). Described below i s  an overview of operations 
common to  both vehicles plus additional functions that a r e  peculiar to AMOOS. 
A functional flow block diagram (FFBD) of the  ma jo r  functions to  be 
per formed for the baseline mission is shown in Fig. 66. The baseline mission 
i s  delivering a 1360 kg payload to geosynchronous orbit  and retrieving a 1360 kg 
payload f rom geosynchronous orbit. 
In FFB1 the  ground support equipment i s  connected t o  AMOOS for systems 
checkout. The payload is ini ta l led in AMOOS and APvIOOS/payload i s  installed 
in the  o rb i t e r .  AMOOS is loaded with propellant while in the  EOS. 
In FFBZ the  orbiter/Pal\AOOS i s  launched with AMOOS propellant gases  
vented through the orb i te r  system. The orb i te r  injects into initial orbi t  and 
finally into the  operations orbit .  
In FFB3 the  orb i te r  activates and deploys AMOOS with i t s  pole a r m .  
In FFB4 AMOOS coasts in orbit  and then burns to  mission t ransfer  orbit. 
During the  coasting AMOOS aligns i t s  IMU, updates i t s  s ta te  vector and checks 
accuracy of s t a t e  vector with orbi ter  furnished data.  AMOOS then computes 
the  burn pa ramete r s  for mission t r a n s f e r  orbit  inser t ion,  places itself into 
burn att i tude and makes  the  burn. After the  burn the IMU i s  aligned and the  
s ta te  vector is updated. The above procedure is essentially the s a m e  for any 
orbit  insertion. A midcourse  correct ion is performed if so  required. 
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In FFB5 synchronous orbit insertion is performed and correction for  
off-nominal course  is executed. 
In FFB6 the  payload is deployed and i s  checked for proper  oppration 
if necessary.  
In FFB7 the  rendezvous phasing orbit  burn for payload re t r ieva l  i s  
accomplished. 
In F F B 8  the burn fo r  rendezvous with payload i s  done. The payload is 
locked onto with the l a s e r  r ada r .  AMOOS i s  maneuvered to  rendezvous with the 
payload, and the  docking maneuvers  a r e  executed. The payload is then attached 
t o  AMOOS and stowed. 
- .  
In F F B 9  AMOOS phase coasts  to  insertion burn to  aeromaneuvering orbi t .  
The t ransfer  burn i s  done and then a midcourse  correct ion burn to  hit the ae ro -  
maneuvering reent ry  cor r idor  i s  executed. 
In FFBlO aeromaneuvering i s  done to  r each  phasing orbit plane and 
apogee. Immediately before reentry into the  ear th 's  a tmosphere  a state  
vector update from ground o r  onboard sensor s  i s  performed. 
In F F B I I  a burn t o  achieve phasing orbit  per igee  i s  accomplished. 
In FFB12 a burn to  drop t o  EOS rendezvous orbi t  is done. 
In FFB13 the orbi ter  locates,  intercepts and docks with AMOOS. AMOOS 
i s  the passive element unless an emergency situation occurs  whereupon i t  takes 
on an active ro le .  
In FFB14 when the  orbi ter  deorbits,  r een te r s ,  and lands,  AMOOS is 
essentially dormant.  
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In FFBlS AMOOS is checked out with ground support equipment and re -  
quir ed maintenance and repair i s  carried out. Ablative TPS refurbishment 
must be performed after each mission. AMOOS i s  then stored until needed. 
In FFB16 whatever operations that need to  be done to get back to the 
orbiter a r e  executed assuming AMOOS is capable of performing such operations. 
In FFB17 abort operations a r e  performed according to where the orbiter 
and AMOOS a r e  in their mission. 
~. . . . . ~ - ~ - -  . . . 
For  further details on operations analysis see Appendix E. 
2.9 ECONOMICS ANALYSIS 
A listing of the costs i s  presented in this section. These costs a r e  merely 
estimates and a re  not to be construed a s  the results of a detailed analysis based 
on AMOOS subsystems. Costing data and methodology a re  based on North 
American Rockwell's point design study document (Ref. 3) ,  Aerospace Corp- 
orations STS cost methodology documents (Refs.20 and 2P), and an IBM Tug 
avionics document (Ref. 6 ) .  
Costs are  broken down into four categories: Design, Development, Test 
and Evaluation (DDT&E); F i r s t  Productiofi Unit; Technological Advancement; 
and Maintenance and Refurbishment Costs per Flight. 
Design, Development, Test and Evaluation includes: design and develop- 
ment of new hardware; systems engineering and integration; design and develop- 
ment of tooling, special test  equipment and ground support equipment; ground 
and flight testing; and program management. 
F i r s t  Production Unit includes: procurement, fabrication, assembly and 
checkout of vehicle hardware; spares and tooling maintenance; and program 
management associated with f irst  unit production. 
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Technological Advancement costs identify areas  that are  not state of the 
ar t  and what it will cost to make these areas state of the art.  
Maintenance and Refurbishment Costs per Flight concern three major 
areas: manhours involved in maintenance, installation and checkout of replace- 
ment hardware and average costs per flight which a r e  based on estimates of the 
amount of hardware that must be replaced during the life of one vehicle. 
,, 
Cost listings are  given in Tables 20 through 25. For  a breakdown of 
individual cost items and masses used for costing refer  to Appendix F. 
The HB and 5B vehicles are  costed with a primary structure of Be-38AL 
The graphite-polyimide primary structure at the present time i s  heavier and 
much more expensive than one made of Be-p8Al. Consequently, no costs are  
shown for graphite polyimide. The graphite polyimide DDT&E costs a r e  much 
higher due to  high mass  and lack of technology. As graphite polyimide tech- 
nology increases, costs and mass  will accordingly decrease. 
In addition the 5B vehicle cost listings with primary structures of 
titanium and magnesium a r e  given. For the magnesium structure the SLA 561 
Martin Marietta-developed ablator TPS i s  costed. The r e s t  of the cost listings 
have a Langley Research Center ablator TPS. However, either ablator may be 
used with any of the primary strueture materials.  It i s  to  be noted here that 
the Martin ablator is shown to cost more than the Langley ablator. This is  
not necessarily the case since the costing equation for the ablator subsystem 
uses ablator mass  as  the independent variable and s o  only indicates the addi- 
tional cost created by the need for a TPS. 
2.10 TECHNOLOGY IDENTIFICATION 
The AMOOS concept a s  depicted in the 5B and HB configurations uses 
the technology that is  expected to  be available by 1976. At this time, this 
technology appears adequate except in the area  of autonomous navigation, 
however, should the mass  contingencies, which currently total more than 
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10% of the dry mass  be used then the realization of the graphite-polyimide struc- 
tura l  capabilities would be required to  reduce the dry mass to maintain feasibil- 
i t y .  No advancement in aerodynamic coefficient prediction or experimental 
techniques is  considered necessary. The other three areas,  namely thermal, 
structures and trajectory analysis, a r e  consider&d worthy of some discussion. 
The TPS currently proposed consists of a Langley-developed light 
weight ablator bonded directly onto the load bearing skin. The formulation 
for  the "Langley Low Density" ablative TPS material i s  well established. 
Some arc-jet testing of this material has been conducted. The data and 
results of this ablation performance testing were used in the AMOOS TPS 
analyses presented in this report. However, this material has not yet been 
flight qualified, that i s ,  it has never been flown on an actual vehicle. 
Therefore, Lefore being used in the final AMOOS design, an additional tes t -  
ing and development program will be required. Ablation data should be 
gathered from several facilities and the results compared. A carefully 
planned test  program should be carried out with proper interpretation and 
analysis of the data. This will greatly enhance the confidence level in this 
material and in the required thickness calculations. The result will be a 
less  conservative and more reliable TPS design. 
There will also be a need for TPS development along the lines of 
scale manufacturing techniques, application to the vehicle, and refurbish- 
ment procedures. None of these are  expected to present any severe problem 
areas  but will require time, money and good design engineering. 
Since dry mass  has a habit of increasing during the development of a 
project it is well to  establish a few contingencies. Currently, the AMOOS 
concept has at least a 486 kg contingency for dry  mass  in access of the 57'0 
allowed in the dry structural mass estimation. Should this be used then a 
graphite -polyimide structure would be required to maintain the alternate 
mission A payload of 3660 kg. In order to use the full potential of graphite- 
polyimide a s  a structural material considerable testing would be required 
above that currently (1973) performed. Since this is a material with outstand 
ing potential it is  probable that considerable testing i s  planned for the near 
future under other programs. 
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Current autonomous navigation sys tems a r e  apparently incapable of 
placing a payload in geosynchronous orbit  with an  accuracy sufficient to 
give a drift ra te  of l e s s  than 1 deg/year.  Three  alternatives exist: (1) use 
a ground based update; (2) advance the s tate  -of - the-ar t  of autonomous navi- 
gation systems;  and (3 )  use  a n  existing spacecraft  a l ready i n  geosynchronous 
orbit  to obtain a navigation update. This third alternative may not be always 
available. Alternatives 1 and 3 a r e  s ta te  of the a r t .  The navigational accu- 
racy on the return to EOS phasing t r ans fe r  orbit  i s  marginal  even with a 
landmark t racker .  The development of an all-weather increased  range land- 
m a r k  t racker  would provide sufficient accuracy. However, a t  this  t ime 
relaxing the autonomous requirement  and s o  allowing a ground based update 
would appear the best solution. The above r e m a r k s  apply, in  general ,  t o  the 
Space Tug. However, since the Space Tug burns directly into the phasing 
orbit, the precision of this orbi t  can be t raded against high altitude naviga- 
tion accuracy. 
The guidance strategy proposed for the AMOOS vehicles HB and 5B 
during atmospheric passage is based on lift vector modulation. This  involves 
relative rapid changes in the vehicle attitude. An est imate of the s ize of the 
attitude control t h rus t e r s  was  obtained by considering: (1) the pitching moment 
induced by the rotation of the vehicle (20°/s) about i t s  velocity vector at 45-deg 
2 
angle of attack, and (2) by the ro l l  accelerat ion of l . lO/s  . It was  found that 
case  (1) above determines the thrus ter  size.  Assuming two th rus t e r s ,  one 
on each end of the vehicle a t  opposite s ides  and allowing for 50% contingency, 
resu l t s  in lOOON (220 lb )  thrust  per  thrus ter .  These th rus t e r s  must  be able 
to  operate during the pass  through the atmosphere.  The operation and p ro -  
tection of these th rus t e r s  may  requi re  limited development. 
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Section 3 
C ONCLUS IONS 
The more detailed analyses of the 5B and HB configurations have further 
established the feasibility of the one-pass, ablative TPS AMOOS concept. The 
HB configuration appears the more practical at this time since it will prove 
the easier to modify to the modular concept. The ballute configuration results 
in a heavy dry mass relative to the 5B and HB configurations because of the 
large diameter of 60 m required for the ballu'te to bring the ballute surface 
temperatures below the 1 3 6 7 ~ ~  ( 2 0 0 0 ~ ~ )  maximum allowable for protected 
Goodyear Fiber B. Even for the above ballute size a TPS i s  required for the 
spacecraft. This results in negligible savings in dry mass. 
Specific conclusions from the multi-disciplined study of the 5B and HB 
configurations and the deployable ballute are:  
The AMOOS vehicle i s  practical and i s  well within present 
state-of-the-art technology using magnesium (HM21A-T8) 
or  beryllium-aluminum (Be-38AP) material for the primary 
shell structure. The vehicle mass  is below the dry mass  
allowable with some growth contingency possible. The 
present.small cango bay HB configuration has sufficient 
internal volume to adequately accommodate all of the re-  
quired vehicle components while maintaining a desirable 
center-of-gravity range. The HB vehicle is  readily adapt- 
able to the EOS cargo bay and i s  within the required EOS 
payload c.g. -weight envelope. A cursory analysis showed 
that the aft cargo bay HB configuration also yields an ac- 
ceptable range of c.g. locations. 
a The operation of the AMOOS vehicle would differ from the 
purely propulsive concept in the areas  of refurbishment 
and, of course, in transfer to phasing orbit. 
The aerobraking concept is  feasible for the 5B and H B  
vehicles over a wide range of mission altitudes. Extra- 
polation of the results from geosynchronous transfer 
orbits to higher energy transfer orbits indicates that 
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aerobraking i s  feasible on return from lunar and plane- 
tary missions. Missions to Mars and Venus yield high 
payloads to orbits about the respective planet. 
o The AMOOS concept is  most advantageous for  high-altitude 
mission orbits where the propellant savings a r e  largest a s  
a result of aerobraking. This advantage i s  reduced for lower 
mission orbits and for mission altitudes belav approximately 
10,000 k m  the purely propulsive tug has a larger payload mass  
capability than an AMOOS vehicle for a round-trip payload 
mission with a 28-deg plane change. 
s The lightweight nylon-phenolic/rnicroballoon ablative material 
developed at Langley Research Center proved to be the best 
TPS material although the Martin-developed SLA 561 ablator 
proved a good alternative. The selection of an ablative ma- 
terial  over other forms of TPS was due in part to the high 
temperatures encountered even during multi -pass maneuvers. 
Recall that the number of passes per maneuver i s  restricted 
to 10 due to the six-day on orbit lifetime guideline for AMOOS, 
and an equivalent seven-day lifetime guideline for  the EOS. 
o Studies of insulative TPS, reradiative TPS and either of the 
preceding patched with ablator at  the hot spot showed such 
systems to be very heavy relative to ablative TPS. 
a The use of a ballute high drag device in conjunction with 
AMOOS was shown to be heavy relative to ablative TPS re - 
sulting in a reduced payload capability. The general lack 
of vertical maneuverability requires either drag modulation 
or  modulation of the number of passes per maneuver to com- 
pensate for off-nominal conditions. Neither appear practical 
because of the approximate tenfold variation in atmospheric 
density predicted at target perigee. 
s A survey of the navigation literature showed that the auto- 
nomous system would probably not have sufficient accuracy 
for insertion into geosynchronous orbit (< 1 deg/yr drift rate) 
nor for  return transfer orbit navigation. Three alternatives 
exist: (1) use a ground based update; (2) advance the state- 
of-the-art of autonomous navigation systems; and (3) use an 
existing spacecraft already in geosynchronous orbit to obtain 
a navigation update. This third alternative may not be always 
available. Alternatives 1 and 3 a re  state of the art.  The navi- 
gational accuracy on the return to EOS phasing transfer orbit 
is  marginal even with a landmark tracker.  The development 
of an all-weather increased range landmark tracker would 
provide sufficient accuracy. However, at this time relaxing 
the autonomous requirement and so allowing a ground based 
update would appear the best solution. 
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a Studies of off-nominal trajectory conditions substantiated that 
trajectory corrections were necessary during atmospheric 
passage to avoid reentry o r  an inordinate increase in the num- 
ber of passes for the maneuver. The most economic method 
of achieving the trajectory correction i s  by using aerodynamic 
Lift forces. Drag modulation, modulation of the number of 
passes and thrusting were investigated and found either im-  
practical o r  too expensive in consumables. 
a A cursory study of the RCS sizing revealed that approximately 
lOOON (220 lb) thrusters would be needed in pitch and yaw. 
The roll RCS could be considerably smaller, say 500N (110 lb). 
The RCS must be capable of operating in the atmosphere. 
a The large payload bay configuration is  capable of performing 
10070 of the projected non-expendable Space Tug missions on 
the basis of payload length and diameter. Only non-Dod missions 
were available for analysis. The configuration, which was de- 
rived from the HB, also has considerable potential for  develop- 
ment as  a modular vehicle. Further evaluation of the modular 
concept i s  required since i t  can result in large variations in 
vehicle length and in  center-of-gravity position and travel. 
a Performance analysis has shown that AMOOS has payload 
capabilities to high energy orbits well in excess of the Space 
Tug. Both the 5B and HB AMOOS vehicles are  capable of per-  
forming 10070 of the projected non-expendable Space Tug mis -  
sions on the basis of payload mass. Three missions (2% of 
the total missions) require an expendable tug due to large in- 
cremental velocity requirements. These incremental velocities 
are  beyond the propulsive capability of the 5B o r  HB AMOOS 
vehicles. Only non-DoD missions were available for analysis. 
a A cursory extension of the performance analysis to interplane- 
tary and lunar missions further enhances the position of AMOOS 
relative to the Space Tug-type vehicle. Slingshotting around the 
Moon and a kick stage holds the potential for performing the 2% 
of the missions which require and expendable Tug. Further-  
more, inserting AMOOS on a free return trajectory around the 
moon would allow the recovery of AMOOS on these missions. 
a The relatively large payload capability with a totally enclosed 
payload bay offers the potential for manned spaceflight includ- 
ing further lunar explorations. 
The AMOOS vehicle is ,  in general, less sensitive (than the 
Space Tug) to variations in Is mass  delivered to low earth 
orbit and structural mass. T R ~  s i s  due to  the smaller  Av 
requirement for AMOOS which allows a higher inert mass .  
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The AMOOS vehicles are ,  therefore, l ess  sensitive to design 
and development changes and so more likely to meet their e s -  
timated payload capabilities than the Space Tug. 
e The analysis showed that the ablative TPS would be more prac- 
tical than other materials. The preferred structural material 
would be magnesium (HMZlA-T8) from purely cost considera- 
tions. However, certain properties of magnesium make the 
be ryllium-aluminum (Be - 38AP) structure attractive. The 
manufacturing costs for the 5B configuration would probably 
be cheaper than the HB configuration. 
e Titanium and graphite/polyimide a r e  also suitable materials 
for the AMOOS primary structure. However, both result in 
somewhat overweight vehicles which causes a reduction in the 
alternate mission A payloads. Neither material  should be com- 
pletely ruled out at  this time since more sophisticated design 
and, in the case of graphite/polyimide, more testing and manu- 
facturing technique development may result in dry masses within 
budget. Titanium i s  particularly attractive from cost and mater-  
ial properties considerations. 
-a The aeromaneuvering plane change capability of the 5B and HB 
vehicles on return from geosynchronous altitude missions i s  
approximately 7 deg. This capability increases rapidly with 
mission altitude. 1n order to minimize propellant requirements 
the optimum procedure for plane change i s  to perform up to the 
aeromaneuvering capability during atmospheric passage and per-  
form the remainder at mission altitude during the burn to trans- 
fer orbit. Considerations of the need for aeromaneuvering for 
trajectory correction modifies this slightly so that about one 
degree more i s  performed at  mission altitude and a propulsive 
correction made during the burn at  phasing orbit apogee after 
the atmospheric passage. 
8 Further investigations substantiated that the mixed mode of 
operation was impractical. In the mixed mode, the energy 
dissipation necessary to attain phasing orbit i s  divided between 
a propulsive and aerobraking maneuver. 
e The differences in the aerodynamic drag coefficients for the 
5B and HB vehicles are  considered negligible since the effects 
on the thermal environment a r e  negligible. Both vehicles 
satisfy the requirement of static stability about al l  axes. To 
date, no quantitative stability requirements have been estab- 
lished. Therefore the differences in static stability cannot be 
evaluated. 
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The expansion flap faired into the aft end of the body by a 
ramp was selected over the compression flap and the un- 
faired expansion flap for reasons of performance and ther - 
ma1 considerations, respectively. 
Page intentionally left blank 
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Section 4 
RECOMMENDAT IONS 
The results of this study have demonstrated the general feasibility of 
the AMOOS concept and the specific feasibility of the 5B and HB configura- 
tions. However, these studies have also identified areas  which require addi- 
tional investigation to establish the practicability of the AMOOS concept. 
The primary a reas  requiring further investigation a r e  vehicle internal heating 
and structural analysis, extension of mission profile to planetary and lunar 
missions, and vehicle navigation, guidance, stability and control. 
Task 1 - Thermal and Structural Analysis 
Within the ranges of mission extremes, guidance and control strategy 
and flight environment, perform the following subtasks in the a reas  of thermo- 
dynamics and structural analysis to supplement or modify existing vehicle 
design data. 
1. Review TPS selection using 1984 technology. The review 
should include single pass and multi-pass aeromaneuvers 
with all types of TPS. The use of synergetic plane change 
in the ascent to mission altitude maneuvers should also 
be reevaluated. 
2.  Investigate the effects of heat soak into the interior of the 
AMOOS vehicles after exiting the atmosphere. The effects 
of solar radiation on internal temperatures and cryogenic 
storage should also be investigated. If necessary, deter- 
mine thermal protection necessary for internal components, 
i n  particular cryogenics tanks, astrionics and return pay- 
load. Thermal aspects of the common bulkhead between the 
LOX and LHZ tanks should be investigated. 
3. Conduct detailed analysis of vehicle leeside thermal protec- 
tion system (TPS) requirements. Investigate various candi- 
date materials to optimize vehicle structure and minimize 
weight. 
4. Investigate vehicle base heating to determine the degree of 
thermal protection required. 
5. Determine TPS requirements and weights as  required for 
modified t r im devices. 
6 .  Conduct an experimental (wind tunnel) test  program to verify 
aerothermal analytical results. 
7. Determine external temperature of AMOOS at  the time of 
docking with the Space Shuttle. Investigate the effects of 
these temperatures on the Space Shuttle cargo bay. 
8. Determine the effect of the revised environmental analysis 
of Task VIII on vehicle TPS and structural weight. 
9. Perform an analysis to determine the effect of combined 
thermal gradients and internal load distributions on the 
structural design and weight of the vehicle. 
10. Perform structural  dynamic analysis of the vehicle to 
determine compatibility with the Space Shuttle and to size 
vehicle RCS. 
11. Update structural mass, c.g. range and structural design 
to incorporate the latest TPS and aerodynamic requirements. 
Task 11- Systems Analysis 
1. Determine the interface requirements between AMOOS and 
its payload and AMBOS and the EW. In particular emphasis 
should be placed on the study of those interfaces peculiar to 
AMOOS and distinct from the Space Tug. Interfaces common 
to both AMOOS and the Space Tug should be studied sufficiently 
to establish the validity of the application of these Space Tug 
study results  to AMOOS. 
2. Establish the impact of the mission spectrum on the subsystems 
requirements. The mission spectrum should include the current 
Space Tug mission spectrum and lunar and planetary missions. 
The subsystem requirements should be evaluated against 1984 
technology. The impact of manned missions on the AMOOS 
should be considered. 
3. Develop layouts of possible AMOOS configurations which will 
enhance the flexibility of the AMOOS concept. In particular 
maximum geometric payload dimensions should be given equal 
weight with payload mass. 
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Task I11 - Navigation 
Determine navigation accuracy requirements in high and low altitude 
orbits and transfer orbits from EOS parking orbit and to the EOS phasing 
orbit. These navigation accuracy requirements should be given a s  lo e r r o r s  
in three components of position and three components of velocity. Determine 
the navigation system necessary to produce these accuracies. Compare the 
performance of the best autohomous system available by 1984 to the require- 
ments and determine penalties of using the autonomous system. Special 
emphasis will be placed on navigation accuracy requirements and capabilities 
on the return transfer orbit immediately prior to the aerobraking maneuver. 
The accuracy with which vacuum perigee can be estimated prior to 
atmospheric entry will largely determine the sophistication of the guidance 
scheme. It should be noted that a vacuum perigee one kilometer below target 
perigee will, i f  uncorrected, cause reentry instead of an aerobraking pass. 
A recently developed, Lockheed sponsored, preliminary guidance scheme 
(Ref. 22) i s  capable of guiding AMOOS to a successful phasing orbit over 
navigation e r r o r s  of - + 3 . 5  km combined with -50 and +loo'% unpredictable 
atmospheric density variation, o r  equivalently, + - 6 km entry corridor com- 
bined with a - 3 5  and + 40% atmospheric density variation. Accurate knowledge 
of position within the entry corridor of + -3 . 5  km will reduce considerably the 
unpredictable variation in atmospheric density. This, in turn, will decrease 
the complexity of the guidance scheme since smaller random e r r o r s  will need 
to be corrected. Currently, a landmark tracker i s  the only autonomous system 
that can yield the navigation accuracy necessary for the midcourse correction. 
Since i ts  range capability i s  limited the midcourse correction must be made 
close to the earth and i s ,  therefore, relatively expensive in propellant. F u r -  
the rmore, the proximity to atmospheric entry may preclude recycling the 
midcourse maneuver should i t  fail on f irst  attempt. The Space Tug does not 
need such navigational accuracy to achieve an acceptable phasing orbit. In 
fact, a midcourse correction may not even be necessary for the Space Tug 
since apparently both 315 k m  x 720 km and 520 km circular phasing orbits 
are acceptable and so potentially anything in between. 
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The navigation study shall include the use of fully autonomous, coopera-  
t ive and ground based systems.  The specific equipment studied shall  include: 
iner t ia l  measuring unit, s t a r  t racker ,  horizon sensor ,  landmark t r acke r ,  sun 
sensor ,  ground based  beacon, and ground based t r acke r .  The la t te r  will  in-  
clude range, range ra te  and two angular measurements .  
T a s k  I V  - Guidance 
1. Exoatmospheric Guidance and Targeting 
Develop guidance and targeting laws applicable over a l l  miss ion  altitudes. 
Optimize the midcourse correct ion maneuver(s).  Determine the e r r o r s  r e -  
sulting from the midcourse correct ion maneuver. Propagate  these e r r o r s  to 
atmospheric  entry and vacuum perigee.  Determine the 30 entry co r r ido r  width. 
The determination of the exact co r r ido r  width fo r  given navigation and exoatmo- 
spheric  guidance schemes  i s  most  important due to the  sensitivity of the AMOOS 
trajectory and phasing o rb i t  apogee to atmospheric density and actual vacuum 
perigee.  
2. Atmospheric Guidance and Targeting 
Develop a technique fo r  detecting non-predictable atmospheric densities. 
These off-nominal densit i tes may be  due to unknown density variations with 
altitude o r  due to navigation e r r o r s .  Develop a guidance law for  atmospheric 
flight. At l eas t  one candidate law studied will u se  l if t  vector modulation. 
Study methods of lift vector modulation. These methods shall  include: 
a. Continuous rotation of 360 deg about the velocity vector 
with the  rotation r a t e  modulated to modulate the resultant 
lift vector.  
b. The bank angle changed by 180 deg a t  some point on the 
trajectory. 
c. Flight along a constant altitude a r c .  
d. Modulate the bank angle about the maximum plane change 
value. 
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Losses  in plane change capability will be compensated with a sma l l  
propulsive plane change maneuver. Studies to date have shown that the r e -  
sulting plane change requirement  is about one degree.  
The atmospheric flight guidance requirements  a r e  distinct f rom the 
Apollo, Space Shuttle o r  skip-type reent ry  guidance f o r  severa l  reasons .  
F i r s t ,  AMOOS must  leave the atmosphere with a relatively p rec i se  velocity 
to give an acceptable phasing orbit ,  therefore guidance laws based on heat  
loads o r  heating r a t e s  a r e  not applicable. This is so s ince such laws could 
resul t  in a combination of flight path angle. atmospheric density and velocity 
that would allow ear ly  escape f rom the atmosphere and hence a too high velo- 
city. Reentry is a lso  a possibility with such a scheme. Rather,  what must  
be done i s  to guide to yield the des i red  exit velocity and design the TPS to 
accept the resulting heating r a t e s  and heat loads. This does not mean that 
these r a t e s  and loads cannot be minimized in the technical sense  of the word. 
Furthermore,  the guidance scheme must  differ f rom skip entry s ince AMOOS 
leaves with an energy in  excess  of that required for c i r cu la r  orbit. This 
means that iner t ia l  and gravitational fo rces  determine the exit of a success -  
ful AMOOS atmospheric pass .  On the other  hand, i f  the velocity is slowed 
to near ,  but sub, orbital  speeds as is done with a skip-type reent ry  guidance, 
flight path angle and hence e g r e s s  can be effectively controlled with the  u s e  
of aerodynamic lift. Vehicles with L/D rat ios  comparable to the AMOOS 
5B and HB configurations have sufficient maneuverability to  perform such 
a maneuver. However, the resulting exoatmospheric flight is only a few 
thousands of ki lometers  instead of being almost  one revolution a s  in the 
case  of the AMOOS vehicle without a n  apogee burn. 
The AMOOS guidance problem i s  fur ther  complicated by the r i s e  of v 
and AV versus  tirn e, a f te r  some threshold level indicating atmospheric  entry,  
being indistinguishable for a wide range of maximum atmospheric densit ies 
until near  peak penetration of the atmosphere.  At this t ime, the l if t  force 
and the t ime available a r e  insufficient t o  make  the necessary  correct ions.  
The use  of flight path angle offers an  at t ract ive al ternat ive to t ime provided 
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i t  can  be measured  to an accuracy of approximately 0.2 deg. This figure is 
an  es t imate  and requi res  considerable effort to justify. 
One problem that ~ l a g u e s  all atmospheric  flight is the difficulty of 
obtaining a n  analytical solution of sufficient accuracy  to yield a good f i r s t  
es t imate  and provide a rapid t rajectory convergence scheme. This applies 
par t icu lar ly  to AMOOS guidance where,  on a successful  pass ,  the aerodynamic 
f o r c e s  a r e  l a r g e  modifiers of the basic two-body motion. The resul t  is that 
none of the usual  assumptions such a s  constant velocity, constant altitude. 
sma l l  flight path angle, etc., a r e  applicable. The l i t e ra tu re  on synergetic 
maneuvering contains severa l  approximate analytical solutions which have 
been shown to be  in  considerable e r r o r  when compared to integrated t rajec-  
tor ies .  Synergetic maneuvering guidance is a l so  not applicable to AMOOS 
since i t  invariably at tempts  to  minimize energy loss .  In the AMOOS problem 
a p rec i se ,  fixed energy increment must  be dissipated for a given miss ion  
alt i tude and phasing orb i t  apogee. 
3. Guidance Update Requirements 
Determine the allowable e r r o r s  in phasing orbi t  apogee altitude. Using 
these allowable e r r o r s  determine the required guidance cycle time. Determine 
the computational requirements  and compare  these requirements with cur rent  
and 1984 computer  technology. 
4. Guidance Law Trades  
By the u s e  of a three-degree-of-freedom simulation, demonstrate the 
practicabili ty of the guidance schemes. The simulation shall  include a l l  
guidance and targeting parameters .  The response  of the vehicle to  control 
fo rces  and perturbat ions shal l  not be simulated. The simulation shall  be 
used  to determine the optimum guidance sys tem taking into account the exo- 
atmospheric  and atmospheric  modes and the navigation system. 
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Task V - Trajectory Optimization 
The propulsive maneuvers  will be optimized upon considerations of 
engine thrust,  propellant, s t a r t  and stop losses ,  u s e  of main engine full thrust ,  
main engine throttled and RCS. Determine the bes t  compromise between aero-  
maneuvering, TPS, guidance and navigation. Current  technology will be used  
a s  well a s  1984. 
Task VI - Flight Control 
Size the RCS for  both atmospheric  flight and exoatmospheric flight f rom 
consideration of the r a t e s  required to change the attitude of the vehicle. Est i -  
ma te  the propellant requirements  of the various guidance schemes. Consider 
the effects of stable, neutrally s table  and unstable vehicles on propellant r e -  
quirements.  
Task VII - Mission Analysis 
The mission profile will be extended f rom previous studies to include 
lunar and planetary missions.  Propulsive as well a s  aeromaneuvering r e -  
quirements  will be  determined. 
Task VIII - Analysis of Flight Environments 
Pe r fo rm detailed analysis  of flight environments within the operation 
ranges definedin Task VII. The analysis  will include aerodynamic and thermo-  
dynamic loading, performance and flight mechanics studies. 
Task IX - Vehicle Design Data 
Within the ranges of mission ext remes ,  control s t rategy and flight en-  
vironment, perform the following subtasks in the  a r e a s  of aerodynamics,  t o  
supplement o r  modify existing vehicle design data. 
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1. Utilize the Hypersonic Aerodynamic program to obtain 
dynamic aerodynamic data, and per form a dynamic 
stability analysis. 
2. P e r f o r m  wind tunnel testing in the form of pressure ,  
heat  t ransfer ,  six-component and dynamic tests.  Oil 
flows and shadowgraphs should be  obtained. Both the 
HB and 5B with the r amp  flap should be tested. 
3. Optimize the flap a r e a  to the center-of-gravity range 
a s  provided by the s t ruc tures  discipline. 
4. Investigate other  theoretical computation techniques 
which might better match the experimental  data. 
5. Support other  disciplines in the a r e a s  of configuration 
change and possible new aerodynamics.  
Task X - Operations 
Revise the operational functions of the AMOOS as required, based on 
the resu l t s  of Tasks  I through IX. Identify potential problem a r e a s  and 
discuss  probable solutions. 
Task  X I  - Economics 
Revise previous cost  es t imates  as requi red  based on the resul ts  of 
Tasks I through X.' Within the scope of Tasks I through X, pe r fo rm an 
economic analysis of the Space Tug and AMOOS concepts. 
~~ ~- .~ 
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Task XI1 - Technology Identification 
Identify and d iscuss  technology a r e a s  that may requi re  development 
and/or advancement to  be applicable to  AMOOS. 
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Table  1 
AMOOS Av BUDGET (m/s )  
Event 
Separate  f r o m  EOS 
P e r i g e e  Burn fo r  T r a n s f e r  Orb i t  
Injection 
Gravity Loss  
Midcourse Correc t ion  
Apogee Burn to C i r cu l a r i ze  
Gravity Loss  
Station Keeping 
Deploy Payload 
Phasing Orbi t  Inser t ion 
Retr ieve Payload 
Deorbit to T rans fe r  Orb i t  Injection 
Gravity Loss  
Midcourse  Correct ion 
Aeromaneuvering 
Adjust to 315 x 720km 
Circular izat ion Burn into 31 5 km 
Termina l  Rendezvous 
Dock with EOS 
2% Contingency 
Total 
Main Engine 
2448 
94 
1786 
3 
1841 
3 
112 
126 
641 3 
Orbi ta l  Maneuver 
30 
3 0 
3 0 
6 1 
30  
181 
RCS 
, 
3 
15 
9 
3 
5 
15 
5 
3 
58 
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Table 2 
SPACE TUG Av BUDGET (rn/s) 
Event 
Separate f r o m  EOS 
Per igee  Burn for  Trans fe r  Orbit 
Injection 
Gravity L o s s  
Midcourse Correct ion 
Apogee Burn to Circular ize 
Gravity Loss  
Station Keeping 
Deploy Payload 
Phasing Orbi t  Insertion 
Retrieve Payload 
Deorbit to Transfer  Orbit  Injection 
Gravity Loss  
Midcourse Correct ion 
Pe r iqee  Burn to Inject into 315 x 
72 Okm 
Gravity L o s s  
Circular izat ion Burn into 315 km 
Terminal  Rendezvous 
Dock with EOS 
270 Contingency 
Total  
Main Engine [ o r b i t a l  Maneuve 
- 
RCS 
- 
3 
Table 3 
AMOOS MASS SUMMARY AND PAYLOADS FOR EQUATORIAL GEOSYNCHRONOUS MISSIONS 
AMOOS Mass  a t  EOS Separation 
Baseline Payloads 
Consumables (Baseline Payloads) 
Maximum Allowable Dry Mass 
for Baseline Payloads 
Payloads for Structural  Mater ia l  Options 
Baseline Mission 
(Deliver and 
Config. 
5B 
5B 
5B 
5B 
HB 
Ret r ieve  
kg 
28838 
1360 
22465 
5033 
2462 
2552 
1462 
1800 
2642 
Structure  
HM218-T8 
Be-38kl  
Titanium 
Gr/Pi  
Be-38kl  
Ablator 
S U - 5 6 1  
LRC 
SLA-561 
LRC 
LRC 
Payload) 
1 b 
63600 
3000 
49527 
11073 
5416 
5614 
3216 
3960 
5812 
Alternate 
Mission A 
(Deliver 
kg 
28848 
3660 
20946 
4247 
4181 
4296 
2578 
3120 
4440 
Alternate 
Mission B 
Dry Mass 
Payload) 
l b  
63600 
8060 
46177 
9363 
9198 
9451 
5672 
6864 
9768 
(Retrieve 
kg 
27488 
1883 
21549 
9363 
6045 
6236 
3390 
4287 
6475 
kg 
3923 
- 
3859 
4921 
4 5 ~ 9 ~  
3774 
Payload) 
1 b 
60600 
4150 
47507 
12093 
13299 
13719 
7458 
9431 
14245 
1 b 
8648 
8490 
10848 
10104 
8291 
Table 4 P K 
PHASE I1 CANDIDATE CONFIGURATIONS AND CHARACTERLSTICS m C1 
k 
!'j 
M 0' 9 W 0IU
4 
N 
AMOOS 1 AMOOS 5 
AMOOS 513 AMOOS HB 
Table 5 
COMPARISON OF AMOOS AND SPACE TUG PAY LOAD CAPABILITY 
FOR INTERPLANETARY AND LUNAR MISSIONS 
- 
I (5)  
s P 
Mars 
Venus 
Moon 
470 
kg 
11318 
6836 
11318 
5491 
8558 
4407 
Deliver  t o  Orbit  
About M a r s  
Deliver t o  Orbit  
  bout Venus 
Deliver t o  and 
Retr ieve from 
Orbit  About Moon 
lb 
24900 
15040 
24900 
12080 
18828 
9695 
465 
AMOOS 
Space Tug 
M O O S  
Space Tug 
M O O S  
Space Tug 
kg 
11214 
6736 
11214 
5400 
8455 
4322 
460 
1 b 
24670 
14820 
24670 
11880 
18601 
9508 
kg 
11114 
6636 
11114 
5295 
8351 
4237 
l b  
24450 
14600 
24450 
11650 
18372 
932 1 
Table  6 
E F F E C T S  O F  ENTRY ATTITUDE AND ATMOSPHERIC DENSITY VARIATIONS 
ON TOTAL HEAT LOAD FOR HE, 5 B  AND H B  
WITH BALLUTE CONFIGURATIONS 
(ONE -PASS MISSION ONLY) 
Nominal  E n t r y  
RHOFAC = 2.0 Nominal  E n t r y  
RHOFAC = 2.0 3.5 k m  Low E n t r y  
3 .5  km High E n t r y  
RHOFAC = 1.0 Nominal E n t r y  
RHOFAC = 2.0 Nominal  E n t r y  
RHOFAC = 2.0 3.5 k m  Low E n t r y  
RHOFAC = 0 . 5  Nominal  E n t r y  
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Table  7 
PEAK HEATING RATES AND TOTAL HEAT LOADS FOR AMOOS 
CONFIGURATION HB FOR MULTIPLE PASS MISSIONS 
Heat Load on Stag- 
nation Point of 1 -m 
Radius Sphere 
( ~ / m ' )  
2.06 x 10 8 
2.46 x l o 8  
1.67 x 10 8 
1.7 x 10 8 
2.16 x 10 8 
1.2 x 10 8 
1.23 x 10' 
1.27 x 10 8 
1.35 x 10 8 
1.81 x 10 8 
8.09 x 10 7 
7.6 x 10 7 
7.9 x 10 7 
7.7 x 10 7 
8.3 x 10 7 
5.2 x 10 7 
8.5 x 10 7 
9.1 x 10 7 
1.0 x 10 8 
1.5 x 10 8 
Total  T ime  
of Pass 
(s) 
238 
432 
200 
278 
480 
21 0 
236 
264 
31 2 
512 
200 
203 
220 
222 
236 
2 64 
272 
309 
366 
558 
L 
p e a k  Heating 
Rate to  1 -m 
Radius Sphere 
2 (w/m 1 
1.9 x 10 6 
1.5 x 10 6 
1.6 x 10 6 
1.4 x 10 6 
1.5 x 10 6 
1.26 x 10 6 
1.14 x 10 6 
1 05 x 10 6 
.96 x 10 6 
87 x 10 6 
8.5 x 10 5 
8.3 x 10 5 
7.9 x 10 5 
7.6 x 10 5 
7.3 x 10 5 
5.9 x 10 5 
6.8 x 10 5 
6.5 x 10 5 
6.3 x 10 5 
6.1 lo5  
Mission 
2-Pass  
(Nominal) 
3-Pass  
(Nominal) 
5 - P a s s  
(Nominal) 
10-Pass  
(Nominal) 
Pass 
No. 
1 
2 
1 
2 
3 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
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Table 7 (Concluded) 
PEAK HEATING RATES,AND TOTAL HEAT'LOADS FOR AMOOS 
CONFIGURATION HB FOR MULTIPLE PASS MISSIONS 
188 
10-Pass 
(3 .5  km Low ) 2 9.9 x 10 5 8.59 x 10 7 
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Table  8 
BALLUTE ANALYSIS RESULTS 
\ ' Ballute 
Cable  Ballute 
Ballute 
Diameter  
( m )  
15 24 
3.5 k m  
High 
En t ry  
15 2 4  
3.5 k m  
Low 
Ent ry  
30.2 
3.5 km 
Low 
En t ry  
45.3 
3.5 k m  
Low 
En t ry  
60.4 
3.5 k m  
Low 
Ent ry  
Reference 
Points  
D 
E 
F 
G 
D 
E 
F 
G 
D 
E 
F 
G 
D 
E 
F 
G 
D 
E 
F 
G 
Radiative 
Equilibrium 
Tempera tu re  
(OK) 
2092 
1504 
1420 
1348 
2346 
1687 
1593 
1512 
1572 
1038 
980 
929 
1427 
896 
846 
801 
- 
1324 
801 
756 
717 
Distance f r o m  
Apex 
(m) 
.3 
4.25 
6.73 
10 3 
. 3  
4 25 
6 73 
10.3 
.3  
8.42 
13.35 
20.4 
. 3  
12.6 
20.0 
30.6 
. 3  
16.9 
26.7 
40.7 
6 
2 (w/m ) 
86.9 x lo4 4 
23.3 x lo4 
18.5 x l o 4  
15 0 x 10 
137.5 x lo4 4 
36 8 x lo4  
29.3 x l o 4  
23.7 X 10 
27.8 x lo4  4 
5 .3  x lo4 
4 . 2  x lo4 
3.4 x 10 
1 8 . 8 ~  lo4 4 
2 . 9 ~  lo4  
2.3 x lo4 
1.9 x 10 
14.0 x lo4 4 
1.9 x lo4 
1.5 x lo4 
1.2 x 10 
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Table 9 
AMOOS TPS MASS SUMMARY 
Tra j ec to ry  Description 
RHOFAC = 2.0 
RHOFAC = 2.0 .5 km Low En t ry  
RHOFAC = 0.5 
." ,. 
windward side only. M a s s e s  include an additional 10% for closeouts around 
doors ,  hatches ,  e tc .  , and 0.74 kg/mZ f o r  s e a l e r  and bonding agents ( f rom 
Apollo experience) .  
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Table 10 
TPS MATERIAL AND REFURBISHMENT UNIT COSTS 
Table 11 
AMOOS CONFIGURATION HB CONFIGURATION TPS COST 
ANALYSIS BASED ON 20 MISSIONS 
Notes: 
Mission 
Type 
1 - P a s s  
2 -Pass  
3 - P a s s  
5 - P a s s  
1 0 - P a s s  
1. Mater ia l ,  fabrication and refurbishment  cos ts  calculated based 
on a total  of 20 missions.  
2. Does not include between miss ions  inspection costs  fo r  ce ramic  
and metal l ic  TPS. 
3 .  TPS cost  fo r  the nose  section - not included. 
T P S  Mater ia ls  
Ablator - Superalloy 
Ablator - Ablator 
Ablator - LI-900 
C/C - LI-900 - Superalloy 
C/C - Columbium - Superalloy 
C /C  - LI-900 - Superalloy 
C/C - Columbium - Superalloy 
C/C - Columbium - Superalloy 
C/C - Columbium - Superalloy 
4. TPS ma te r i a l s  and their  applicable a r e a s  determined f rom radi -  
ation equilibrium surface tempera tures  obtained using nominal 
t ra jector ies .  
5. C/C - Carbon/Carbon 
TPS ~ o s t / ~ i s s i o n  
(Material  and 
Refurbishment) 
$ 71,500 - 168,200 
112,400 - 282,200 
88,850 - 186,200 
715,200 - 734,200 
71 1,700 - 729,300 
408,400 - 421,100 
392,400 - 402,200 
151,300 - 165,300 
$164,600 - 190,600 
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Table  12 
MATERIAL PROPERTIES 
Ref: T i - 6 A 1 - 4 ~ ,  M b H D B K - 5 ,  Sept. 1971 
Be-38A1, LMSC Report  679606, Oct. 17 ,1967  
HM 21A-T8, MIL-HDBK-5, Sept. 1971 
- 
Magnesium 
HM 2lA-T8 
(Sheet) 
A 
228 (33) 
76 (11) 
124 (18) 
55 (8) 
103 (15) 
69  (10) 
145 (21) 
48 (7) 
4 5  (6. 5) 
36 (5.2) 
,. 35 
1770 (. 064) 
nery llium - ~ l u m i n u r n  
Re-38 At 
, (Sheet, Annealed) 
A 
303 (44) 
179 (26) 
214 (31) 
15% (22) 
193 (28) 
124 (18) 
,159 (23) 
97 (14) 
193 (28) 
172 (25) 
. 14 
... . 
2080 ( .  075) 
#, 
~Mcchanical  
P r o p e r t i e s  
Ba. s i  s 
. 
Flu* ~ N / r n ~  (ksi): 
2 9 4 O ~  ( 7 0 ' ~ )  
5 .89O~ WOOOF) 
F ~ ~ / m ' ( k s i ) :  
ty' 
2 9 4 ' ~  (70°F) 
5 8 9 O ~  ( 6 0 0 ° ~ )  
F M N / ~ ~  (ksi): 
CY' 
2 9 4 O ~  ( 7 0 O ~ )  
5 8 9 O ~  ( 6 0 0 ~ ~ )  
F s ~ l  M N / ~ '  '(kai): 
2 9 4 O ~  (70°F) 
589OK (600°F) 
3 E, G N / ~ '  (10 ksi:) 
2 9 4 O ~  (70°F) 
5 8 9 ' ~  (600 '~)  
P 
I ' h ~ j  cal P 1 2 e  r t i e  s 
- .- -. 
p ,  kg/m3(lb/in3) 
Titanium 
Ti - 6 A! - 4V 
(Sheet, Annealed) 
A 
921 (134) 
724 (105) 
869 (126) 
586 (85) 
910 (132). 
921 (90) 
545 (79) 
400 (58) 
110 (16) 
90 (13) 
. 3 1  
4430(. 16) 
Table 1 3  
DESIGN PROPERTIES O F  LIT-S!7IO COMPOSITES (0, + 4 5  DEGREES, 90)  
(GRAPHITE/POLYIMIDE) 
. 
- 
M 
-- 
m 
x rn 
77 (-pol 
41 (75) 
5% fI(ao) 
297 (n) 
Post- 
N" 
CF.~* 
1 
1 
I 
2 
hmlruu 
011er4- 
.ti- 
(W 
(0. 115. 90)h 
(a *4, 9)- 
(0. 'b3, 53)- 
(0, 1b5, 50)2, 
Tan1 
O d d -  
.tlr 
1 4  
0 
"W 
0 
- 
0 
Av*'.C* 
0 
T m I I e  
iltw 
whl WII 
M (sO.4) 
29) 142.01 
311 (45.01 
)OI (43.8) 
262 I38.41 
290 (51.7) 
~ 0 1  4 3  
76 (39.61 
2 3  (40.7) 
19 (43.2) 
339 148.91 
311 lU.1) 
283 l4 l .41 
2 9  (113.1) 
3 (51.5) 
9 5  IG.9) 
388 IPb.3) 
325 (41.2) 
290 (42.31 
C4 (Pj.91 
!23 116.11 
3 9  (48.4) 
2Y3 (42.11 
33q (49.3) 
269 (30.21 
283 141.bl 
149.3) 
(15.01 
T-Lle 
Mohllu, 
~ ~ / m ' l p l r  107 
33 14.8) 
59 (8.51 
68 19.91 
f6 (9.6) 
$1 (6.8) 
~3 (6,s 
53 (7.7) 
53 (7.1) 
79 (8.51 
19 (8.6) 
66 (9.6) 
50 ('7.2) 
57 (8.21 
11 18.31 
48 (1.01 
b6 16.6) 
b6 (6.61 
12 16.1) 
66 (9.5) 
L8 (6.q~ 
49 l7.lf 
I 0  (10.21 
50 I 7.2) 
14 (10.81 
51 ( 1.11 
66 ( 9.6) 
58 I 6.91 
60 ( 0.71 
Strno to 
rrun 
I I 
(42m) 
142M) 
(31b0) 
l 5 X a )  
(53201 
(W) 
rn 
IVW) 
(€620) 
1 6 6 ~ )  
i s m )  
(1320) 
15040) 
(6M01 
(11400) 
14Bml 
( b h )  
( 5 2 0 )  
(6Lm) 
(5mJ) 
-1m 
 
/ m a  I
4b4 163.91 
423 161.41 
361 (13.2) 
325 (b1.0) 
339 IPI.2) 
360 152.2) 
316 (54.5) 
374 153.71 
353 l51.L) 
)aa l51.a) 
3 7 
311 lb5.1) 
283 (b1.01 
331 141.8) 
283 141.1) 
215 h7.2) 
2 4 
241 (35.0) 
262 1n.5) 
255 131.71 
255 131.11 
160 (51.9) 
395 157.01 
332 (40.0) 
312 IP1.5) 
332 (11.9) 
301 I r . 6 1  
355 (51.2) 
C ~ n p r r s o l m  
Y&DI 
m / m P  (p~r  
%.l (8.22) 
55.3 (8.02) 
46.4 16.73) 
34.9 15.07) 
6h.2 (0.88) 
9 .6  18.~0) 
51.8 (7.521 
60.0 (8,'iO) 
60.2 (8.13) 
93.5 Ll . l6 l  
59.2 (8.561 
b6.5 16.B) 
L8.8 (7.021 
9.1 I 
4 . 6  3 . 5  
2 . 3  3 5 3  
21.8 (3.60) 
5 3 . 6  
8 . e  13.33) 
21.1 ( 3 . ~ 4 1  
23.9 6 
66 19.61 
55 18.01 
58 10.1) 
5* (7.91 
1.1 6 
4 . 3  6 
13 17.11 
n t n l a  I. 
Palhire 
1 0 8 1 1 1 d ~ ~ d ~ d ]  
(-1 
(W) 
( l o r n )  
( ! W l  
(lam) 
I*) 
16103) 
116ml 
( u r n )  
1 7 W )  
I(lxl0l 
(Ism, 
rnmr 
(L16m) 
(9303) 
( m m )  
11W00) 
~ i a l m )  
(116(0) 
(LOW) 
h 8 l p l  
(I-) 
i(82rJ.l 
( I W )  
1115YI) 
(Illca) 
(113~0) 
~ 1 r n - 1  
st-- 
m/-* 1t.l) 
353 (50.6) 
361 153.2) 
3BB (S .3 )  
3 ~ 4  1kk.11 
339 118.91 
$7 ts2.61 
353 111.0) 
458 (61.51 
3BA 01.71 
3L7 !12.9l 
353 (W.9) 
353 151.31 
402 (56.11 
367 ln.81 
283 141.0) 
227 (13.1) 
255 I n . 0 1  
255, (35.6) 
311 ! ~ . 5 1  
2 9  (bz.1) 
210 139.11 
318 ib6.3) 
2 9  143.L) 
240 lL1.51 
216 119.8) 
234 13h.1) 
283 (41.01 
283 lkl.01 
F l L u n l  
M&h. 
GM,-~ yklOnl 
>?.h ' 1 . S )  
21.9 1h.*) 
30.1 (4.351 
- - 
- - 
2a.a c r . ~ a l  
29.1 lb.22) 
25.2 (3.S) 
21.1 13.501 
14.8 13.591 
2 . 5  3 5  
2b.O (3.40) 
s . 2  l3.b) 
2b.8 (3.~31 
11.7 ( 2 . S )  
16.1 12.34) 
15.1 (2.25) 
11.6 (2.55) 
- - 
- - 
16.8 (2.13) 
3 2 .  1 . 1  
28.3 (\.LO) 
76.9 (3.9)) 
22.3 13.231 
23.1 (3.10) 
21.0 c3.05 
25.7 (3.1jf 
a h .  &I 
Ib.r $,re@ 
mM/.* Q,) 
2 5 , s  ( j , l e l  
30.5 ( L . l I )  
3!.5 14.5 I 
z3.a (!.car 
2L.5 ,?.:L, 
2 .7 ,>.%I 
2 . 3  , ! . @ I  
23.2 !3.?71 
R.5  i!.5!l 
2b.7 (3.561 
19.1 12.81) 
1.7 !2 .85)  
10.3 l : , e> )  
21.3 $ 3 . ~ i 1  
20.7 (3.Oil 
21.1 (!.I&) 
E L . 1  13.41 
23.3 I?.L6! 
22.3 13.:~) 
21.3' ,!.:3! 
21.9 ! 3 . l l l  
22 . j  (3.241 
25.I (?.:S\ 
ZL.6 1!.5~i 
31.5 l L . I I 1  
n.7 l5.LT 
6 '5.161 
29.6 tb.30) 
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Table  14 
AMOOS VEHICLE CENTER -OF-GRAVITY RANGE 
(PERCENT VEHICLE LENGTH) 
Note: Vehicle center-of-gravi ty  range obtained b varying the  payload 
center-of-gravity f r o m  1/4 ca rgo  bay t o  3 7 4 cargo  bay length. 
Condition 
0 rbite r Launch 
Baseline 
Alt. A 
Alt. B 
AMOOS Reentry  
Baseline 
Alt. A 
Alt. B 
Orb i t e r  Reentry 
Baseline 
Alt. A 
Alt. B 
AMOOS Be-38 
5 B 
37.40 + 38.03 
39.91 -c 41.55 
35.98 
49.43 * 51.73 
45.81 
50.48 4 53.47 
56.30 + 59.57 
53.05 
57.13 + 61.25 
A1 Vehicle 
HB 
32.07 -c 32.68 
34.63 -c 36.27 
30.62 
45.28 -c 47.62 
41.8 
46.30 + 49.32 
53.08 + 56.43 
50.40 
53.77 + 57.82 
Table 15 
AMOOS DRY MASS BREAKDOWN 
- 
Components 
Structure  
Propellant Tanks 
Tank Supports 
Thrus t  Structure  
Docking Mechanisms, Payload and T U ~ / E O S  
P r imary  Structure  
Mounting Hardware,  Meteoroid Shield, Umbilicals 
Expansion F l ap  
The rma l  Control System 
Tank Insulation 
Purge  Bag, valve6 and Lines 
Thermal  Control System 
Ablator Bond and Sealer  
Internal lnsulation of Astrionics and Internal Batten 
Astr ionics  ( f rom Boeing Space Tug Aerobraking Study) 
Data Management 
Navigation 
Elec t r ica l  Power 
Communications 
Instrumentation 
Propulsion (from MSFC Baseline Tug Definition Document) 
Main Engine 
Feed. Fi l l ,  Drain and Vent Systems 
Gimbal Actuation System 
Attitude Control System 
Propellant Utilization System 
Helium Purge  System 
Dry  Mass  (Les s  P r ima ry  Structure  and TPS) 
Total  Dry Mass 
Mass  
(kg) 
301.3 
67.0 
30.8 
48.0 
73.0 
118.7 
35.8 
34.0 
200.3 
204.8 
94.2 
233.3 
59.8 
22.7 
135.0 
117.3 
15.4 
257.3 
15.7 
40.8 
2105.2 
Ciraphite/ 
Polyimide 
Structure 
5B 
Mass 
(kg) 
1888 
102 
494 
2105 
4589 
Be-38 A! 
Structure  
HB 
Mass  
(kg) 
1052 
102 
515 
2105 
3774 
5B 
Mass  
' (kg) 
1158 
102 
494 
2105 
3859 
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Table 16 
SHUTTLE PAYLOAD BAY LLMIT LOAD FACTORS 
d. q. 
Positive x, y, z direct ions equal aft ,  right and w. Load factor  c a r r i e s  
the sign of the external ly  applied load. 
* 
Condition 
Lift-off** 
High Q Boost 
Booster End Burn 
Orbi te r  End Burn 
Space Operations 
Ent ry  
Subsonic Maneuvering 
Landing and Braking 
*** Crash  
* 2: 
Crash  load fac tors  a r e  ult imate and only used  t o  design payload support 
fittings and payload attachment fas teners .  Crash  load factors  a r e  fo r  the 
nominal payload of 29,480 kg(65,OOOlb). Longitudinal load fac tors  a r e .  - 
directed in the forward  asimuth within 20 deg of the o rb i t e r  longitudinal 
ax is .  The specified load factors  operate  separately.  
* :p :> 
These factors  include dynamic t ransient  load fac tors  a t  liftoff. 
Longitude 
(t Aft) 
X 
-1 .7 t0 .6  
- 
-1.9 
-3.Ot 0.3 
- 
-3 .0 t  0.3 
- 
-0.2 
f O . l  
+0.25 
- 
- f 0.25 
+1.5 - 
t9 .0  
-1.5 
Latitude 
(t Right) 
Y 
f 0.3 
- 
- f0.2 
- f 0.2 
f 0.2 
- 
- t 0.1 
- + 0.5 
+ a 5  
-
+ -1.5 
f 1.5 
- 
Vertical  
(+ UP) , 
z 
-0.8 
-0.2 
f 0.2 
-0.5 
-0.4 
-0.5 
t o .  1 
- 
t3 .0  
-1.0 
t2 .5  
-1.0 
t2 .5  
f4 .5  
-2.0 
Table 1 7  
K 
LO 
n 
T Y P I C A L  CROSS-S'clCTION O F  B c - 1 8  A2 AhlCoS  GO:~i.!GUKATlONS 
Note: 
Subscripled x = r denotes  ring 
r = s denotes r l r i n g e r  
NOTE: All  valves in crn (in) 
Table 18 
E F F E C T S  OF  ENTRY ATTITUDE AND ATMOSPHERIC DENSITY VARIATIONS 
ONTOTALHEATLOADANDABLATOR T P S M A S S F O R H B  
WITH BALLUTE CONFIGURATIONS 
(ONE- PASS MISSION ONLY) 
windward s ide  only. M a s s e s  include an  additional 10q0 f o r  closeouts around door s ,  hatches ,  e tc .  , 2 and 0. 74kg/rn for  s e a l e r  and bonding agents  ( f rom Apollo exper ience) .  
* 
Ablator  T P S M a s s  
k g )  
406.~0 
440.0 
Config. 
HB with 
Ballute 
Flight 
T ime 
(6) 
406 
440 
Tra jec tory  Description 
RHOFAC = 0.5 3 .  5  k m  High Entry 
RHOFAC = 2 .0  3 . 5  k m  Low Entry 
Heat Load on 
Stag Point of 
1 - m  Radius 
Sphere 
(~/m') 
2 . 7 ~ 1 0 ~  
4 . 4 ~ 1 0  8 
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Table 19 
COMPARISON OF SENSITIVITIES OF PAYLOAD TO SPECIFIC IMPULSE, 
D R Y  MASS AND DELIVERED MASS (%I%) 
Condit ions 
Base l ine  
Deploy 
Ret r i eve  
I 
5P 
- 
AMOOS 
1.70 
1.48 
2.16 
Space  Tug 
2.62 
2.15 
3.45 
M 
dry 
M O O S  
- 1.60 
-1.50 
-1.72 
Mdel 
Space Tug 
- 1.74 
- 1 .go 
-2.06 
AMOOS 
2-70 
2.63 
3.01 
Space Tug 
3.05 
3.01 
3.68 
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Table 20 
COST LISTING FOR AMOOS 5B WITH LRC ABLATOR AND A PRIMARY 
STRUCTURE O F  Be-38 At (M, Millions of Dollars)  
I Cost I tem (1970$) ($M)DD T + E \ ($M) F i r s t  Unit Cost 
Total Structure 
Body Structures  
Main Tanks 
Docking 
Propulsion 
Main Engine 
APS 
Press . ,  Feed + Vent 
Avionics 
Data Management 
GN +C 
Communications 
Instrumentation 
El Pwr Distr  
Thermal Protection 
=-Perf Insulation 
Insulation Purge  
Thermal Control 
External TPS 
Power 
Fuel Cell 
Hydraulics 
EOS Interface 
Testing 
Grd.Test O p s  
Flt.Test Ops. 
Test Hdwre 
W i d  Tunnel Testing 
GSE 
Initial Tooling + Ste. 
Logistics + Spares  
Training 
Systems Engineering + Integration 
Installation, Assembly f Checkout 
Contractor P r o g r a m  Management 
Total 
LMSC -HREC TR D390272 
Table 20 (Concluded) 
* Costs  i n  this column a r e  f o r  20 miss ions .  These cos ts  a r e  
divided by 20 , and $M. 11 76 is added for  TPS cos ts  to yield 
cost  per mission and entered in right hand column. 
Cost I tem (1970$) 
Hardware 
Structures  
Propulsion 
Thermal  Protection 
Data Management 
GNtC 
Fuel Cell  
E1.Pwr. Distr .  
EOS Interface 
Communications 
Maintenance 
Installation + Checkout 
Total 
($M)Main+Refurb/Flight 
.640 
.2 17* 
5.782 
.706 
.606 
.765 
.450 
.767 
.527 
.621 
.032 
.44 1 
1.113 
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Table 2 1  
COST LISTING FOR AMOOS HB WITH LRC ABLATOR 
AND A PRIMARY 
Cost I tem (1970$) 
Total Structure  
Body St ruc tures  
Main Tanks 
Doc king 
Propulsion 
Main Engine 
APS 
Pres s . ,  Feed f Vent 
Avionics 
Data Management 
GNtC 
Communications 
Instrumentation 
El P w r  Distr  
Thermal  Protection 
Hi-Perf Insulation 
Insulation Purge  
Thermal  Control 
External  TPS 
Power 
Fuel Cel l  
Hydraulics 
EOS Interface 
Testing 
Grd.Test Ops. 
Flt.Test Ops. 
Test  Hdwre 
Wind  Tunnel Testing 
GSE 
Initial Tooling + Ste. 
Logistics + Spares  
Training 
Systems Engineering + Integration 
Installation, Assembly + Checkout 
Contractor P r o g r a m  Management 
Total 
STRUCTURE OF Be-38 
($M)DDT+E 
38.637 
20.042 
13.391 
5.204 
154.124 
130.000 
21.390 
2.734 
73.284 
16.027 
20.066 
30.079 
.437 
6.676 
33.912 
10.911 
.600 
.891 
21.510 
13.700 
13.226 
.474 
3.284 
142,872 
20.328 
28.844 
90.895 
2.835 
13,876 
25.237 
.OOO 
6.414 
14,143 
.OOO 
31.159 
550.642 
AQ 
($M)Firs t  Unit Cost  
3.087 
2.358 
.444 
.285 
5.072 
.700 
3.877 
.495 
9.624 
2.425 
3.06 1 
2.483 
.I20 
1.535 
3.206 
.281 
.I30 
.089 
2.706 
.477 
.427 
.050 
.351 
.OOO 
.OOO 
.OOO 
.OOO 
.OOO 
. O O O  
1.901 
1.901 
.OOO 
2.745 
2.422 
1.354 
32.140 
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Table 2 l.(Concluded) 
Thermal Protection 
Data Management 
E1.Pwr. Distr. 
EOS Interface 
Communications 
Maintenance 
* 
Costs in this column a r e  for  20 missions.  These cos ts  a r e  
divided by  20, and $M. 1176 is added f o r  TPS cos ts  to yield 
cost  per mission and entered in  right hand column. 
Table 22 
COST LISTING FOR AMOOS 5B WITH LRC ABLATOR AND A PRIMARY STRUCTURE OF TITANIUM 
Cost I tem (1970$) 
Total  Structure  
Body Structures  
Main Tanks 
Docking 
Propulsion 
Main Engine 
APS 
Pres s . ,  Feed + Vent 
Avionics 
Data Management 
GN+C 
Communications 
Instrumentation 
El. Pwr  . Distr  . 
Thermal  Protection 
Hi-Perf.  Insulation 
Insulation Purge  
Thermal  Control 
External TPS 
Power 
Fuel  Cel l  
Hydraulics 
EOS Interface 
Testing 
Grd. Test  Ops. 
Flt. Tes t  Ops. 
Tes t  Hardware 
Wind Tunnel Testing 
GSE 
Initial Tooling + Ste. 
Logistics + Spares  
Training 
Systems Ehgineering + Integration 
Installation, Assembly + Checkout 
Contractor P r o g r a m  Management 
Total 
($M )DD T+E 
19.189 
.594 
13.391 
5.204 
154.124 
130.000 
21.390 
2.734 
73.284 
16.027 
20.066 
30.079 
,437 
6.676 
33.426 
10.911 
.600 
.891 
21.024 
13.700 
13.226 
.474 
3.284 
131.867 
18.587 
28.844 
81.631 
2.805 
13.049 
22.546 
.OOO 
6.080 
12.787 
.OOO 
28.267 
51 1.603 
($M) F i r s t  Unit Cost 
.799 
.070 
.444 
.285 
5.072 
.700 
3.877 
.495 
9.624 
2.425 
3.061 
2.483 
.I20 
1.535 
3.147 
.281 
.I30 
.089 
2.647 
.477 
.427 
.050 
.OOO 
.OOO 
.OOO 
.OOO 
.OOO 
1.689 
1.689 
.OOO 
2.440 
2.298 
1.210 
29.796 
Table 22 (Concluded) 
Thermal  Protection 
Data Management 
El. Pwr .  Distr .  
EOS Interface 
Communications 
* Costs in this column a r e  f o r  20 missions.  These 
costs  a r e  divided by 20, and $M. 1176 i s  added fo r  
TPS costs  to yield cost  per  mission and entered 
in right hand column. 
Table 23 
COST LJSTING FOR AMOOS 5B WITH LRC ABLATOR AND A PRIMARY STRUCTURE OF MAGNESIUM 
- 
0 
F 
Cost I tem (1970$) 
Total Structure 
Body Structures  
Main Tanks 
Docking 
Propulsion 
Main Engine 
APS 
Press . ,  Feed t Vent 
Avionics 
Data Management 
GNtC 
Communications 
Instrumentation 
El. Pwr. Distr. 
Thermal  Protection 
Hi-Perf.  hsu la t ion  
Insulation Purge  
Thermal  Control 
External TPS 
Power 
Fuel Cell 
Hydraulics 
EOS Interface 
Testing 
Grd. Test  Ops. 
Flt .Test Ops. 
Tes t  Hardware 
Wind Tunnel Testing 
GSE 
Initial Tooling + Ste. 
Logistics + Spares  
Training 
Systems Engineering + Integration 
Installation, Assembly + Checkout 
Contractor P r o g r a m  Management 
Total 
($M)DDTtE 
18.770 
.175 
13.391 
5.204 
154.124 
130.000 
21.390 
22.734 
73.284 
16.027 
20.066 
30.079 
.437 
6.676 
33.426 
10.911 
,600 
.891 
21.024 
13.700 
13.266 
.474 
3.284 
131.636 
18.550 
28.844 
81.437 
2.805 
13.033 
22.489 
.OOO 
6.073 
12.758 
.OOO 
28.206 
510.783 
($M) F i r s t  Unit Cost 
.750 
.021 
.444 
.285 
5.072 
.700 
3.877 
2.734 .495 
9.624 
2.425 
3.061 
2.483 
.120 
1.535 
3.147 
.281 
.I30 
.089 
2.647 
.477 
.427 
.050 
,351 
.OOO 
.OOO 
.OOO 
.OOO 
.OOO 
.OOO 
1.685 
1.685 
.OOO 
2.434 
2.296 
1.207 
28.728 
Table 23 (Concluded) 
Thermal  Protection 
Data Management 
El. Pwr. Distr. 
* Costs  in this column a r e  for  20 missions.  These 
costs  a r e  divided by 20, and $M. 1176  is added for 
TPS costs  to yield cost  per  mission and entered 
in  right hand column. 
Table 24 
COST LETING FOR AMOOS 5B WITH MARTIN ABLATOR AND A PRIMARY STRUCTURE OF MAGNESIUM 
Cost Item (1970$) 
Total  Structure 
Body Structures  
Main Tanks 
Docking 
Propulsion 
Main Engine 
APS 
P r e s s . ,  Feed S Vent 
Avionics 
Data Management 
GNtC 
Communications 
Instrumentation 
El. Pwr. Distr. 
Thermal  Protection 
Hi-Perf. Insulation 
Insulation Purge  
Thermal  Control 
External TPS 
Power 
Fuel Cell 
Hydraulics 
EOS Interface 
Testing 
Grd. Tes t  Ops. 
Flt. Tes t  Ops. 
Tes t  Hardware 
Wind Tunnel Testing 
GSE 
Initial Tooling t Ste. 
Logistics + Spares  
Training 
Systems Engineering t Integration 
Installation, Assembly S Checkout 
Contractor P r o g r a m  Management 
Total 
($M)DDT+E 
18.770 
.175 
13.391 
5.204 
154.124 
130.000 
21.390 
2.734 
73.2 84 
16.027 
20.066 
30.079 
.437 
6.676 
34.690 
10.91 1 
.600 
.891 
22.288 
13.700 
13.226 
.474 
3.284 
132.421 
18.674 
28.844 
82.098 
2.805 
13.159 
22.660 
.QOO 
6 . ~ 6  
12.848 
.OOO 
28.403 
513.439 
($M) F i r s t  Unit Cost 
.750 
.021 
.444 
.285 
5.072 
.700 
3.877 
,495 
9.624 
2.425 
3.061 
2.483 
.120 
1.535 
3.300 
.281 
,130 
.089 
2.800 
.477 
.427 
.050 
.351 
.OOO 
.OOO 
. O O O  
.OOO 
.OOO 
.OOO 
1.699 
1.699 
.OOO 
2.454 
2.319 
1.217 
- 
28.962 
1 
Table 24 (Concluded) 
Thermal  Protection 
Data Mangement 
El. Pwr. Distr. 
EOS Interface 
Communication 
* Costs in this column a r e  for  20 missions.  These 
costs  a r e  divided by 20, and $M. 1176 i s  added for 
TPS costs  to yield cost  per  mission and entered 
in right hand column. 
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Table 25 
COST LISTING OF TECHNOLOGICAL ADVANCEMENT FOR 5B AND HB 
WITH A PRIMARY STRUCTURE OF Be-38 AP" 
I ($M) Cost . 1 
I - - - -- Frac tu re  Mechanics for Thin Wall Tanks I High Per formance  Insulation (MLI) I 1 .ooo I 
Payload/EOS Docking 
Zero-g Propellant Management 
APS Propellant Conditioning Unit 
/ APS/PropeLlant Slosh M e r a c t i o n  1 0.150 I 
.b q 
f rom Ref. 3. 
Rendezvous L a s e r  Radar  
Computer Software 
AMOOS/EOS Integration 
Total 
0.200 
0.120 
0.170 
8.100 
1. Delivered to 296 km Circular  
Orbit  by the EOS 
2. Burn to Mission Transfer  Orbi t  
3 .  Midcourse Correct ion 
4. Burn-to- Mission Orbit  
5. Deliver Payload 
6 .  Burn-to-Phasing Orbit  for  
Rendezvous with Return 
Payload 
7. Rendezvous and Dock with 
Return Payload 
8. Burn-to- Transfer to Aero- 
maneuvering Orbit iP 
* 9. Midcourse Correct ion 
10. Aeromaneuver to Phasing Orbit  
Plane and ~ ~ o ~ e e *  
* 
.,. 
11. Burn-to-Achieve Phasing Orbit  
Per igee  
12. Burn-to- EOS Rendezvous Orbit  
* 
Denotes AMOOS Maneuvers Distinct 
f r o m  Space Tug Maneuvers. 
Fig. 1 - AMOOS Mission Profi le  
\ Orbital  Inclination = 0 deg 
1. Delivered to  296 km 
Circu lar  Orbit by the EOS 
2. Burn to Mission Transfer  
Orbit 
3 .  Midcourse Correct ion 
4. Bu rn-to-Mission Orbit 
5. Deliver Payload 
6. Burn-to-Phasing Orbit  
for Rendezvous with Return 
Payload 
7,  Rendezvous and Dock with 
Return Payload 
8, Burn-to- Transfer  Orbit 
9. Midcourse Cor rection 
10. Burn t o  Achieve Phasing 
Orbit  Apogee 
11. Burn-to-EOS Rendezvous 
Orbit  
F i g .  2 - Space Tug Mission Profile 
a 
Chemical OOS 
Av x 0.5 
the c t  
Geos ynchro 
Altifude 
I /' Aerobraking 
: Onlv 0.5 Av is plotted for 
~emical 00s. 
1000 10,000 100,000 500.000 
Mission Altitude (km) 
Fig. 3 - Incremental Velocity Requirements 
E x a m p l e :  Max. Length,  L = 18.3 m 
LH2 = 3 184 kg 
L02 : 19,105 kg 
22,289 kg 
Eng ine  (Nozzle  R e t r a c t e d )  
NOTE: Al l  d i m e n s i o n s  in m e t e r s  
3.658 
- 
0 
Q 
'fwd = 10.668 
3 
Minimum Vtot = 171.147 m 
Fig. 4 - R e p r e s e n t a t i v e  AMOOS P a c k a g i n g  c] 
.% 
-, u 
w 
\D 
0 
N 
-l 
N 
Body 
Fig. 5 - Components of the HB Configuration 
/- 3 . 7 2 5 3 m  x 4 .1392m Ellipse 
AMOOS Configuration HB 
AMOOS Configuration 5B 
Fig. 6 - Configurations for Detailed Study During Phase U 
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r Scoop 
14.691 m (48.2 f t )  
Fig.  7 - Trailing Ballute for  A High Drag Concept for AMOOS 
Summer 
- 60 -40 -20 0 20 40 60 80 100 120 140 160 
180 - 
\ 
I 
h Solar  Activity 
\ 
\ 160- 
140 - 
120 - 
E 100 - Geomagnetic S to rm 
s 
-
0 
a 
5 
.t: 80-  
CI Pre l iminary  est imates  of the mean and range  of densi ty  2 over  a n  eleven year  period, expressed  a s  a re la t ive  difference (70) f r o m  the US Standard Atmosphere 1962. 
f o r  shuttle reen t ry  in Cape Kennedy, Flor ida,  a r e a  
60 - during summer .  For use in p re l iminary  engineering ' 
es t imates  only. F u r t h e r  u s e  should not be made without 
contacting personnel  of the Aerospace Environment , 
Division. The mean constitutes a systematic  var ia t ion ' . 
which i s  predictable  f o r  a given month and s o l a r  activity 
level.  The range constitutes a random variability which 
40 - Note: The influence of so la r  i s  not predictable. The Geomagnetic s to rm '  var ia t ion 
i s  f o r  a n  ex t reme event which occurs once or  mice p e r  
so la r  cycle and i s  not predictable  a few days  in advance. 
I tusua l ly  occurs with medium o r  high s o l a r  activity. 
The effects  d o  not propagate into the lower alti tudes. io - 
I 
Source: Aerospace Environment Division 
MSFC; January 1971 
0 I I 
- 60 -40 -20 0 20 40 60 80 100 120 140 160 
Pe rcen t  Departure  f rom 1962 U.  S. Standard Density 
Fig. 8 - Atmospheric Density Dispersions Based on 1962 US Standard Atmosphere  -Summer  
Winter 
-60 -40 -20 0 20 40 60 80 100 120 140 160 
P r e l i m i n a r y  es t imates  of the mean  and range of density 
over  a n  eleven year  period, expressed  a s  a relat ive 
f o r  ahuttle reen t ry  in Cape Kennedy, Flor ida,  a r e a  
during summer .  F o r  uae  in  p re l iminary  engineering 
es t imates  only. F u r t h e r  u s e  should not be made  without 
contacting personnel  of the Aerospace  Environment 
Division. The mean const i tutes  a systematic  var ia t ion 
which is predictable  fo r  a given month and s o l a r  activity 
level.  The range const i tutes  a random variability which 
is not predictable. The Geomagnetic i tar jm variat ion , 
is for a n  ex t reme event which o c c u r s  once or twice p e r  
activity on range of , so la r  cycle  and is not predictable  a few days  in advance. 
density inc reases  with It usually occurs  with medium o r  high solar activity. 
alti tude and becomes The e f fec t s  do not propagate  into the lower alti tudes. j 
of principal significance , 
above the 60 to 90 km Source: Aerospace  Environment Division 
altitude range. MSFC; January  1971 
-80 -60 -40 -20 0 20 40 6 0 80 100 120 140 160 
Percent Departure from 1962 U.S. Standard Density 
F ig .  9 - Atmospheric Density Dispersions Based on 1962 US Standard Atmosphere -Winter 
d 
Fig.  10 - Definition of Angle of Attack, Bank Angle and Flight Path Angle U w
\O 
0 
N 
4 
N 
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Fig. 11 - Change of Apogee Altitude a s  a F-unction of Initial Bank 
Angle at Atmospheric Entry for P of 6 ,  8, 10 deg/s. 
Vehicle HB, C g =  1 .753 ,  CD = 3.613, Vehicle Mass = 
10,000 kg. Return from Geosynchroneous Orbit 
Fig. 12  - C /cL vs fi 
Lnet 
Fig. 13 - L ~ ~ ~ / D  vs b for Vehicles HB and 5B Y !'j 
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Fig.  14 - Angular Acceleration v s  Ratio of Effective Density to Nominal Density 
for Return from Geosynchronous Orbi t  in One Atmospheric P a s s  
O . , r  
Vehicle HB 
Fig.  15 - Lift-to-Drag Ratio Required vs Ratio of Effective Density to Nominal 
Density for Return f rom Geosynchronous Mission Orbi t  for  1, 2 and 3 
Atmospheric P a s s e s  
I I I I 
2800 10,000 35,800 m 
Corresponding Mission Altitude via Hohman Transfer (km) 
Fig. 16 - Inclination Change Capability for Nominal Atmospheric Conditions 
vs Inertial Velocity at Atmospheric Entry (120 km Altitude) for I 
to LO Atmospheric Passes  
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o I I I I J 
30 4 0 5 0 6 0 7 0 
Angle of Attack (deg) 
Fig. 17 - Orbit Inclination Change v s  Angle of Attack for Return 
f rom Geosynchronous Mission Orbit and for  any Number 
of Atmospheric P a s s e s  (Nominal a tmospheric  density 
and no navigation e r r o r s .  Both vehicles without flap) 
Return f rom Lunar 
o r  P lane tary  Missions 
G 
0 
.4 
Y 
ld 
G 
.4 
d 
0 
c 8 
Y 
Y 
2 Return f rom 
6 Geosynchronous 
4 
0 
Fig. 18 - Orbit Inclination Change Capability vs  Ratio of Effective Density to Nominal Density 
(The deviation of effective density from the nominal density r ep resen t s  a tmospheric  
density variations and the effect of navigation e r r o r s  for  which a portion of the l if t  
fo rce  is used to compensate f o r  VE i s  the inertial  velocity a t  a tmsopheric  en t ry  a t  
120 km altitude. HB vehicle, CL = 1.753 ,  C D  = 3 . 6 1 3 ,  vehicle m a s s  = 10,000 kg.) 
10,000 100,000 
Mission Altitude (km) 
8000 
6000 
m 
\ 
E 
- 
w 
4000 
N 
W 
2000 
Fig. 1.9 - Incremental Velocity Requirements vs Mission Altitude With and Without Orbit  Inclination 4 B 
Change (Gravity losses ,  contingency and A v  for orbi ta l  maneuvers  not included) U 
W 
9 
0 
N 
4 
N 
28.5-deg Orbit  
Inclination 
- 
- 
- 
- 
AMOOS, Aerobreaking A v  
With and Without Inclination Change 
Geosynchronous Altitude 
I , # # , I  I 0 ,  . , I  1 
, No hc l ina t ion  Change 
P ropu l s ive  ~ u g  \\ \ 
Change AMOOS. 5B 28.5-deg Inclination 
~ r a ~ h i t k / ~ o l ~ i m i d e  
S t ruc tu r e  
10,000 20,000 30,000 
Miss ion  Altitude (km) 
Fig. 20 - AMOOS Payload Mass  Capability fo r  Basel ine  Miss ion (Deliver and  
Ret r ieve  Same Payload M a s s )  
0 l I I I I 
0 10,000 20,000 30,000 40,000 
Miss ion Altitude (km) 
Fig. 21 - AMOOS Payload Mass Capability for Alternate Mission A 
(Payload Delivery  Only) 
No Inclination 
Change 
P repulsive Tug 
k 28.5-deg Orbit Inclination Change 
AMOOS, HB 
B@/AB 
Struc ture  
Mission Altitude (km) 
Fig. 22 - AMOOS Payload Mass  Capability for Alternate Mission B 
(Payload Retrieval Only) 
60 80 loo 1 ao 140 160 180 
Transition Point Altitude (km) 
Fig. 23  - Flow Transition Point Effect on AMOOS 5B Apogee Altitude 
(Continuum to Transitional Flow) 
Target  per igee altitude 
for  f i r s t  pas s  which resu l t s  
in approximately equal 
energy dissipation during 
each p a s s  of a mult i -pass  
mission.  
85 - 
80 - 
- 
E 
24 
- 
a 
a Targe t  per igee altitude 
3 75- +- which resu l t s  in an 
.r( 
q Apogee altitude of 
2 35,000 km af ter  f i r s t  
a, 
a atmospheric  pass.  
YJ 
F. 
a, 70- 
n 
* 
a, 
M 
2 
k n = 2 , 3 ,  5, 10 
65 - 
60 - 
Earth Orbit  Q * Lunar  and Plane tary  
55 - Missions Missions 
I I I 
8000 10,000 12,000 14,000 16,000 
Inertial  Velocity a t  Atmospheric Entry (m/s)  
I t I I 
2800 10,000 35,800 00 
Corresponding Mission Altitude (km) via Hohman Transfer  
Fig. 24 - Target  P e r i g e e  Altitude for  Nominal Atmospheric Conditions vs  Inertial  
Velocity a t  Atmospheric Entry f o r  Single and Multi-Pas s Aeromaneuvers 
Vehicle HB, b= 
L = 1.953, CD = 3.613, Vehicle Mass  = 10,000 kg 
128 
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32 - 
28 - - equally dissipated during 
each atmospheric  p a s s  
of a mult i -pass  mission. '  '' 
m 
E 
k 24 - 
3 
tn Maximum density i f  
I ., apogee altitude af ter  
0 -- 
d 
- 
f i r s t  a tmospheric  p a s s  
i s  l imited to  35,000km. 
2 20 - 
.A 
2 
; 
U 
'c 1 6 -  
m 
s 
2 
0 
E 
2 1 2 -  
E 
z 
..+ 
X 
2 8 -  
4 - 
E a r t h  Orbit  Missions 
c Lunar  and Plane tary  Missions 
0 I 
8000 10,000 12,000 14,000 16,000 
Inertial  Velocity a t  Atmospheric Entry (m/s)  
Corresponding Mission Altitude 
via Hohman Transfer  (km) 
Fig .  25 - Maximum Atmospheric Density f o r  Nomlnal Atmospheric Conditions 
v s  Inertial  Velocity a t  Atmospheric Entry (120 km Altitude) for Single 
and Mult i -Pass  Aeromaneuvers,  Vehicle HB, CL = 1.753, CD = 3.613, 
Vehicle Mass  = 10.000 kg 
129 
- Maximum dynamic p r e s s u r e  
if energy  i s  approximate ly  i eq i~a l l y  d i ss ipa ted  during earl? a tmosphe r i c  p a s s  of l a mul t i -pass  miss ion .  
-- Maximum dynamic p r e s s u r e  
11  Apogee al t i tude a f t e r  f i r s t  
a tmosphe r i c  p a s s  i s  l lml ted  
In r r t l a l  Velocity a t  Atmospher ic  Entrt  (m/ s )  
I.1 1 
2800 10,000 35,800 m 
Corresponding Miss ion  Altitude via  Hohman T r a n s f e r  ( km)  
Fig. 26 - Maximum Dynamic  P r e s s u r e  fo r  Nominal  Atmospher ic  Conditicrns 
v s  h e r t i a l  Vrloci ty  a t  Atmospher ic  Ent ry  (120 km Altitude) fo r  
Single  and Mul t i -Pa s s  Ae romaneuve r s  (Vehicle  HB, CL = 1.753, 
C,, = 3.613, " rh ic le  M a s s  T 10,000 kg )  
Fig. 27 - ~ o i - n i n a l  ~ i a j e c t o r ~  idr Return from 
Geosynchronous  Orbit in  One A t m o s -  
p h t r k  Pass ( V e h i c l e  HB,  CD = 3 . 6 1 3 .  
C = 1.753.  v e h i c l e  M a a s  = i 0 . 0 0 0  kg) L 
Alt i tude 
R e l a t i v ~  Ve loc i ty  ( k m / s )  
F r g .  28 - N o m i n a l  Trajec tory  for  R e t u r n  f r o m  
G e o s y n c h r o n o u s  Orbit  in Five A t m o s -  
p h e r i c  Passes ( V e h i c l e  HB,  C g  = 3 .613 ,  
CL = 1 .753 ,  V e h i c l e  Mass = 10 ,000  kg) 
Rela t ive  Velocity lkm/sJ  
F ig .  29  - Density and Alti tude Var i a t ions  f o r  a 
Re tu rn  f r o m  Geosynchronous  Orb i t  in 
One Atmospher i c  P a s s .  A T P  = Var ia t ion  
of T a r g e t  P e r l g e e  f r o m  Kominal Ap = 
Varia t ion of Atmospher i c  Densi ty  f r o m  
Nominal Vehicle HB, CD = 3.613, C = L 
1.753, Vehicle M a s s  = 10.000 kg 
R plative Velocity ( k m / s  
Fig.  30 - P r e s s u r e  Var ia t ion  f o r  a Re tu rn  f r o m  
Geosynchronous  O r b i t  i n  One Atmospher i c  
Pass. A T P  = Var ia t ion  of T a r g e t  P e r i g e e  
f r o m  Nominal Ap = Var ia t ion  of Atmo- 
s p h e r i c  Densi ty  f r o m  Nominal Vehicle HB, 
C D  =3.613, CL = 1.753, Vehicle Ivlass = 
10.000 kg 
7 8 9 10 
Rela t ive  Velocity (km/s)  
F ig .  31 - Density and  Alt i tude Var ia t ions  f o r  Vehicle 
wi th  High D r a g  Device  (Bal lu te)  f o r  R e t u r n  
f r o m  Geosynchronous O r b i t  
7 8 9 10 lt3 
W 
Relat ive  Velocity (krn/s) -s 0 
N 
4 
Fig.  32  - Dynamic  P r e s s u r e  Var ia t ion  f o r  Vehic le  
. N 
with High D r a g  Device  (Ballute) f o r  Return 
f r o m  Geosynchronous  Orb i t  
Q ATP = Varia t ion of T a r g e t  P e r i g e e  f o r  Nominal ;  +ap = Var ia t ion  of A t m o s p h e r i c  Density f r o m  Nominal  
Dynamic 
P r e s s u r e  
Drag Device (Ballute) Diameter  (m)  
Fig.  33  - Targe t  P e r i g e e  Altitude, Maximum Atmospheric Density and Maximum Dynamic 
P r e s s u r e  vs Drag Device (Ballute) Diameter  for  One Atmospheric Pass and fo r  
Return f r o m  a Geosynchronous Orbi t  Mission (Vehicle Mass  = 10,000 kg) 
Flap  Deflection Range (0 to 40°) 
AMOOS' Configuration HB with Compression F lap  
I- 
w -Ow Flap  Deflection 
VI (Stowed Posi t ion)  
F lap  Deflection Range (0 to -90') 
AMOOS Configuration HB with Expansion F l a p  
Fig. 34 - AMOOS Configuration HB with Compress ion  and Expansion F lap  
0 HB, No Flap 
a 5B, No Flap 
Angle of Attack (deg) 
Fig. 35 - Comparison of AMOOS 5B and HB Performance Parameters  
0 HB, No Flap 
0 5B, No Flap 
0 2 0 40 60 80 
Angle of Attack (deg) 
Fig. 36  - Comparison of AMOOS 5B and HB Lift-to-Drag Ratios 
C Flap  Deflection 0.8 Angle 
€2 '. 0 o0 
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Fig.  37  - Variation of AMOOS 5B L/D with Expansion F lap  Deflection 
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Fig. 38 - Variation of AMOOS HB L/D with Expansion F lap  Deflection Q 0 
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F i g .  3 9  - Comparison of AMOOS 5B and HB Tr immed  Pitching Moments 
Fig. 40 - Comparison of AMOOS 5B and HB Side F o r c e  Coefficients 
I W  2 4 6 8 10 
Angle of Sideslip (deg) 
0 HB, No Flap,  a = 45.4 0 ,  
X~~ . = 45.670 Bref Aft of Nose t r i m  0 a 5B, No Flap,  a = 45.6 
X~~ . = 50.2% 1 Aft of Nose t r ~ m  ref 
F i g . - 4 1 -  Comparison of 5B and HB Yawing Moment Coefficients 
(1 ; 
G 
.d 
u Angle of Sideslip (deg) 
.d 
% .01 
a, -2 4 6 8 10 
0 HB, No Flap, a = 45.4 0 
Fig. 42 - Comparison of AMOOS 5B and HB Rolling Moment Coefficients 
, 
Fig. 4 3  - Trim Character is t ics  of AMOOS 5B a t  Fbrward  C. G.  
Pitching Moment Coefficient, C 
. . . . m 
.s.. F i g ;  - , T r i m  Charac t e r i s t i c so f  AMOOS 5B a t  Aft C. G. . . -.;. , . .. , , ~  . . ~  
Fig.  45 - T r i m  Charac te r i s t ics  of AMOOS HB a t  Forward  C.  G. 
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Fig.  -46 - T r i m  Charac te r i s t i cs  of AMOOS H B  at  Aft C. G. o 
. , N 
4 
N 
NOTE: All angles in deg rees  
- 
- 
E 
V) 
n 
x 
% - 
m 
n 
- 
- 
- 
6 =O 
6 = -40 
- 
HB Expansion F l a p  
- XCG = 49.3% Plef 
I I I I I I I I 
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 
Rear View 
Side View 
AMOOS HB 
------ 
-----,3 
Side View 
AMOOS 5B 
---- 
---- 
Rear View 
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Fig.  48 - Typical Heating Rate-Time History to the Stagnation Line of AMOOS Configuration 
5B a t  a n  Angle of Attack of 45O (One-Pass Trajectory)  
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Surface Temperature (OK) 
Fig. 49 - M ~ s s e s  per Unit Area vs Surface Temperature 
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Fig. 52 - AMOOS 5B Configuration 
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Fig. 54 - AMOOS HB Aft Cargo Bay Configuration 
155 
r- SPECIAL RETENTION POINTS 
SPECIAL RETENTION POINTS r 
FOR FUTURE NASA SPACE TUG 5 
RETENTION POINTS+-XO ADAPTER (LONGERON ONLY) n 
j: 
!a 
m 
0 
4 
!a 
u 
w 
PAYLOAD ENVELOPE 9 0 
N 
-3 
I.- 
+- NINE EQUAL SPACES 
(59 INCHES EACH) ----4d 
PAYLOAD ENVELOPE 
Rotation Fixture 
--- 
ATTACH P~INTS AT LOWER CENTERLINE 
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Fig. 57 - AMOOS HB Distributed Mass 
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Fig. 58 - Shuttle Payload Longitudinal Center-of-Gravity Envelope 
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Time t = 0 Corresponds t o  120 k m  
(4000,000 f t )  Altitude. 
.O 100 200 300 400 500 
Time During Aerobrak ing  (s) 
F i g .  59 - Heating Ra te  vs Time at a Typical  Point on the 60 m 
Diameter  Ballute 
Propulsive A v  (rn/s) 
Fig.  60 - Trade  of T P S  vs Propel lant  Mass .  (Propellant m a s s  based on 5000 kg 
vehicle. A re turn  f rom geosynchronous orbit  w a s  assumed.  Vehicle HB. ) 
Fig.  61 - Propel lant  M a s s  Required if Th rus t  i s  Used to Compensate for Off-Nominal 
Conditions During Aeromaneuvering.  (Off-nominal conditions a r e  represen ted  
by the ra t io  of effective density t o  nominal density. A r e t u r n  f r o m  geosyn- 
chronous orb i t  was  assumed.  Vehicle mass = 10,000 kg. ) 
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Appendix A 
PERFORMANCE AND FLIGHT MECHANICS 
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Symbol 
Appendix A 
NOMENCLATURE 
Description 
2 
aerodynamic reference a rea  of vehicle ( m  ) 
aerodynamic drag coefficient 
aerodynamic lift coefficient 
unit aerodynamic drag vector 
2 reference gravitational acceleration (m/s ) 
specific impulse of propulsive system ( s )  
unit aerodynamic lift vector 
vehicle mass before propulsive velocity change (kg) 
propellant mass required for velocity change (kg) 
vehicle mass  after propulsive velocity change (kg) 
vehicle mass (kg) 
perigee altitude (km) 
altitude 
vehicle acceleration vector in inertial earth-centered 
coordinate system (rn/s2) 
vehicle inertial radius vector in earth-centered coordi- 
nate system (m) 
inertial velocity vector in earth-centered coordinate 
system (m/s)  
velocity vector of vehicle with respect to  surrounding 
a i r  mass (m/s) 
flight path angle (deg) 
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NOMENCLATURE (Continued) 
Symbol Description 
Av velocity change performed (m/s)  
P 3 2 earth's gravitational constant (m /s ) 
P 
3 atmospheric density [kg/m ) 
p'pnom density ratio used fo r  perturbed t~a j ec to r i e s  
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A. 1 TRAJECTORY SIMULATION PROGRAM 
A digital computer program was chosen a s  the trajectory simulation 
tool. In this program the three degree-of-freedom equations of motion a re  
integrated using a Runge -Kutta technique with double precision arithmetic 
to obtain the required accuracy. The equations of motion a re  based on an 
inertial earth-centered coordinate system. The equations of motion are :  
The definitions of the symbols i s  given in the Nomenclature. The unit lift 
h fi 
vector (L) and the unit drag vector (D) are  defined as: 
- - - 
~ ~ ~ ( 7 x 7 ~ )  r x v  
L = cos (Bank angle) + sin (Bank angle) 
lvr1 1' 
The vehicle bank angle is  a rotation about the relative velocity vector (Fr), 
measured positive clockwise, looking fcrwasd, from the local vertical plane. 
Spherical rotating earth gravitation and atmosphere models a r e  used. 
The aerodynamic lift and drag coefficients can be input a s  functions of angle 
of attack, Mach number o r  Knudsen number. The vehicle attitude i s  input as  
a function of lapsed flight time o r  Mach number. The integration and output 
step size can be varied during the trajectory phases to  hold program run 
time and output to a minimum without affecting the accuracy. 
Atmospheric density variations can be simulated by specifying a factor 
by which the nominal density is  to be multiplied. 
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The atmospheric  model used for  the t ra jec tory  simulation i s  based on 
the 1962 U. S. Standard Atmosphere. The maximum deviation of the a tmos-  
pheric density f rom nominal which may be encountered during the atmospheric  
flight of the AMOOS vehicle a r e  based on a study by the Aerospace Environ- 
ment Division, MSFC. The resul ts  of this study a r e  s h w n  in  Figs. A - l  and 
8 -2 .  They show the mean and range of the density in percent of the 1962 U.S. 
Standard Density for summer  and winter, respectively. 
The maximum density variations a par t icular  AMOOS vehicle may en -  
counter were  then determined f rom the nominal target  perigee and Figs.  A- l  
and A-2. 
A.2 MtSSION INCREMENTAL VELOCITY REQUIREMENTS 
The incremental  velocity requirements for a la rge  spectrum of missions 
were  computed for the AMOOS vehicle a s  well a s  f o r  the propulsive Space 
Tug. The miss ion  profiles for  the AMOOS and the Space Tug a r e  shown 
in  Figs.  A-3 and A-4, respectively.  The miss ion  begins with Tug-EOS sepa ra -  
tion in  a 296 k m  c i rcu lar  orbit  and ends with Tug-EOS docking for re turn  flight 
to earth.  A Hohman t r ans fe r  was assumed between EOS orbit  and mission 
orbi t  and for r e tu rn  f r o m  mission orbit t o  EOS orbit. The mission orbit  was 
assumed to  be circular .  The orbit  inclination change was optimally split be - 
tween perigee and apogee of the t ransfer  ellipse except for  the re turn  flight 
of the AMOOS vehicle where the total inclination change was performed a t  
apogee (no aeromaneuvering plane change). The re turn  flights f r o m  the 
mission orbit  differ for AMOOS and Space Tug. The Space Tug re turns  
?' 
t o  a 315 k m  x 720 km phasing orbit ,  while AMOOS re turns  via an a e r o -  
maneuver with a perigee of typically 70 km followed by insertion into a 
3 15 k m  x 720 k m  phasing orbit .  
The incremental  velocities required fo r  orbi ta l  maneuvers,  midcourse 
correct ion,  docking and attitude control as well  a s  the  gravity lo s ses  were  
obtained f r o m  the Baseline Tug Definition Document. A 270 contingency was 
added to  all main  engine burns.  
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Typical Av budgets for AMOOS and propulsive OOS a r e  shown in Tables 
A-1 and A-2, respectively. They a re  for a geosynchroneous mission orbit 
with a 28.5-deg inclination change. 
Incremental velocity requirements versus mission altitude are shown 
in Fig. A-5. Curves a r e  shown for missions involving a 28.5-deg inclination 
change a s  well a s  no inclination change. For the AMOOS vehicle the propul- 
sive and the aeromaneuvering Av requirements a r e  shown separately. The 
sum of the two, of course, i s  identical to  the Av requirement of the purely 
propulsive 00s. Gravity losses, contingency and the Av values for small 
orbital maneuvers a r e  not included. 
A.3 MISSION EXPENDABLES SCHEDULE 
Tables A-3, A-4 and A-5 present schedules of the consumable s expended 
in executing the baseline mission (deploy and retrieve payload), the alternate 
mission A (deploy payload only) and the alternate mission B (retrieve payload 
only), respectively. The data presented a r e  for a mission to geosynchronous 
orbit involving a 28.5 -deg orbit inclination change. 
The main engine propellant listed includes 2% Av contingency and gravity 
losses. The column headed "RCS Propellant" contains the propellant used for 
small translational maneuvers and for aeromaneuvering involving the Reaction 
Control System (RCS). The fourth column contains additional fuel used for the 
fuel cells, propellant feed line conditioning and other RCS maneuvers (attitude 
hold, attitude maneuvers, propellant settling, etc. ). The fifth column shows 
propellant used for the Main Propulsion System (MPS) chill-down and start and 
stop losses. The heat input to the AMOOS propellant from lift-off to the time 
of main engine burn for descent ellipse injection (DEI), i s  dissipated by a vent - 
ing of propellant gases after propellant settling just prior to  the main engine 
DEI burn. A total of 37.7 kg of propellant gases a r e  vented, which i s  included 
in column five under Descend Ellipse Insertion Burn. The propellant mass 
expended for each burn was determined by the standard propellant mass  equa- 
tion 
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The specific impulse used was 470s and 460s for the main propulsion system 
full thrust mode and pumped idle mode, respectively, and a value of 380s was 
used for the Reaction Control System. 
Sources of information used in constmcting the expendables schedules 
a r e  the Baseline Tug Definition Document (Ref. A.1) and the Space Tug Point 
Design Study performed by North American Rockwell (Ref. A2). 
A.4 NAVIGATION AND GUIDANCE ERRORS 
All the earl ier  studies concerned with the concept of aerobraking have 
pointed out the need of some method to compensate for off-nominal atmos- 
pheric and trajectory conditions. Some of the methods suggested are  the use 
of aerodynamic lift, propulsive thrusting, varying the number of atmospheric 
passes, release of the drag device at the appropriate time during the atmos- 
pheric flight, drag modulation, etc. 
The present study points out the advantages of a single atmospheric pass 
with a vehicle flying at a high angle of attack. The need to compensate for 
off-nominal conditions with this concept i s  evident when considering the atmos- 
pheric density variations encountered. It was found that the density can vary 
between 9 40510 and -35% from its nominal value. In addition to these variations 
come the effects of off-nominal trajectories due to navigation e r ro r s .  A t r a -  
jectory for a return flight from geosynchronous orbit, which results in a 
phasing orbit apogee altitude of 720 km after passing through a nominal atmos- 
phere will cause the vehicle to reenter i f  the density i s  15% above nominal 
and results in an apogee altitude of about 5500 km i f  the density i s  35% below 
nominal. This clearly establishes the need to compensate for off-nominal 
conditions. 
The guidance problems connected with the aerobraking concept have 
received little attention in the literature. These p~ob lems  are  considerably 
different from the ones encountered with an Apollo or  Space Shuttle-type 
reentry vehicle or with the synergetic inclination change problem. With the 
former almost all of the vehicle's energy i s  to be dissipated during reentry 
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while with the la t te r  the energy lost  i s  t o  be minimized. In contrast ,  the a e r o -  
braking concept requi res  that a specific amount of energy be dissipated, with 
the vehicle's energy at the end of the maneuver  being above low ea r th  orbit 
values. Guidance s t rategies  developed for reentry vehicles of the Apollo o r  
Space Shuttle type o r  the synergetic inclination change concept do therefore  
not directly apply to the aerobraking problem. During the present  phase of 
this study the guidance problem was  not specifically addressed except that a 
l i te ra ture  sea rch  was  performed, but it was determined that a significant 
amount of development work will  be needed to  find a satisfactory solution. 
A preliminary investigation was  performed of the navigation requi re-  
ments.  The return flight f r o m  a geosynchronous orbit  received pr imary  
in teres t  since the navigation uncertainties a t  atmospheric entry a r e  of pr ime 
interest .  
To determine the impact of navigation e r r o r s  on the perigee altitude, 
P, the part ia l  derivatives of the velocity, V ,  altitude, R, and flight path 
angle, y ,  with respect to the radial  perigee position w e r e  computed fo r  a 
nominal t ransfer  ell ipse which br ings the vehicle f r o m  geosynchronous orbit 
to a perigee altitude of 70 km. These part ia l  derivatives a r e  shown in  Fig.  
A-6 as a function of t ime af te r  deorbit inser t ion burn. The part ia l  der iva-  
t ives can be used to approximately compute the radial  perigee position un-  
certainty resulting f rom navigation uncertainties a t  any given point along the 
nominal t ra jectory.  Conversely, they can a lso  be used to determine approxi- 
mately the change in  velocity required at any given point along the nominal 
t ra jec tory  t o  effect a cer tain change in  perigee altitude. 
The Space Tug Baseline Document specifies 3~ values for the position 
and velocity uncertainty at geosynchronous orbit  of 50 km and 5 m/s,  r e spec -  
tively. These uncertainties resul t  in a 3u perigee altitude uncertainty of 50 km, 
where the effects of the position and velocity uncertainties a t  geosynchronous 
orbit were  combined by the root sum square,  RSS, method. 
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The Av and the RCS fuel consumption required for a midcourse correc- 
tion was computed based on the requirement to correct the perigee altitude by 
50 km. The Av and the fuel consumption are  shown in  Fig. 8 - 7  as  a function 
of time after deorbit ellipse insertion burn. The propellant mass shown i s  
based on a vehicle mass of 10,000 kg. As expected, the midcourse correction 
i s  most economical at high altitudes and becomes prohibitively expensive close 
to perigee in t e rms  of fuel consumption. 
The primary purpose of the midcourse correction during the transfer 
f rom a high altitude orbit to the phasing orbit i s  to reduce the uncertainty in 
the perigee altitude of the transfer ellipse. The maximum allowable uncer- 
tainty in perigee altitude i s  determined by the vehicle's capability to compen- 
sate for deeper o r  shallower penetration of the atmosphere and by the vehicle's 
thermal protection system. This study has indicated that the HB and 5B vehicles 
have the capability to compensate for - + 6 km variation from nominal target 
perigee. This 6 km variation i s  taken a s  the allowable 35 uncertainty in peri - 
gee altitude after the last  midcourse correction. 
An analysis of the navigation techniques and accuracies achievable with 
an autonomous navigation system during an ANIOBS type mission was per-  
formed in (Ref.A-3). This analysis assumed an autonomous navigation 
system with the sensor package consisting of the following items: 
Q IMU - Typified by Kearfoot KT-70 
The IMU consists of two two-degree-of-freedom gyros for 
attitude reference and three orthogonal accelerometers for 
velocity increment measurement. 
@ Star Tracker -Typified by ITT MROBEE 150A 
The Star Tracker i s  a strapped down optical sensor using 
electronic gimballing to determine s tar  positions within an 
eight-degree field-of-view (FOV). 
e Landmark Tracker - Typified by the Westinghouse Design 
This optical sensor measures tracking angles to earth 
features such a s  islands and lakes. 
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Horizon Scanner -Typified by the Lockheed Edge Tracker  
(under development) 
This horizon sensor  i s  a n  infrared radiometer  that  scans  
the ear th ' s  horizon to  de termine  the vehicle's local  vertical. 
The landmark t r acke r  was found to  be the  bes t  available sensor  for 
obtaining navigation updates. However, the operational range of the landmark 
t racker  is limited to the o rde r  of 7500 k m  The landmark t r a c k e r  observa- 
tions began approximately 1800 seconds p r io r  t o  per igee t o  a s s u r e  that the 
t r acke r ' s  maximum range is not exceeded. 
The analysis  of the t r ans fe r  t ra jec tory  in Ref. A-3  was based on 
initial 35 uncertainties in rad ia l  position and tangential velocity at geosyn- 
chronous orbit of 18 k m  and 0.6 m/s,  respectively. These two uncertainties 
a r e  the main contributors to  the radial  per igee position uncertainty. These 
uncertainties a r e  considerably l e s s  than the  50 k m  and 5 m/s,  respectively. 
specified in the Space Tug Baseline Document (Ref. A-1) and which was a s -  
sumed for the present  study, but the resu l t s  obtained in Ref. A-3 a r e  s t i l l  
approximately applicable to  the  present  study. 
The impact of the midcourse correct ion on the per igee  uncertainty was 
investigated in Ref. A-3 if the midcourse correct ion w e r e  made: (1) a t  the 
conclusion of the horizon sensor  updates; (2) 500 seconds a f t e r  initiation of 
the landmark t r acke r  updates; or  (3) 1300 seconds a f t e r  initiation of the land- 
mark t r acke r  updates. The resulting uncertainties in rad ia l  perigee position 
a r e  shown in Fig. A-7. To achieve a radial  per igee position uncertainty of 
6 k m  (30) the midcourse correct ion would have t o  be  performed approximately 
1400 sec  p r io r  t o  perigee. This may require  up t o  140 kg  of RCS propellant. 
This is a considerable amount of propellant and means t o  reduce i t  should be 
investigated. 
To pe r fo rm the midcourse correct ion a t  a higher alt i tude with the r e -  
quired accuracy would ei ther  requi re  a ground-based navigation update system 
or an advancement in technology like, for example, the  extension of the range 
of the landmark t racker .  
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F r o m  this pre l iminary  investigation, i t  i s  concluded that the autonomous 
navigation system, which is based on Shuttle e r a  technology, i s  marginally 
adequate. 
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Table  A-1 
AMOOS A v  BUDGET FOR GEOSYNCHRONOUS ORBIT MISSION 
WITH 28.5-DEG INCLINATION CHANGE 
p e r i g e e  Burn f o r  T r a n s f e r  Orb i t  
Injection 1 2448 I 
. . 
Gravi ty  L o s s  I 94 I 
Event 
-
Separa te  f r o m  EOS 
Midcourse  Correc t ion  I I 
Apogee Burn  to C i r cu l a r i ze  
Gravi ty  L o s s  
Station Keeping 
Deploy Payload 
Phas ing  Orbi t  Inser t ion 
Ret r ieve  Payload 
Deorbit  to Trpnsfe r  Orb i t  I n j e c t i ~ n  
Gravi ty  L o s s  
Midcourse  Correc t ion  
Main Engine 
P.cromaneuvering 
Adjust  to 315 x 720 k m  
Ci rcu la r iza t ion  Burn into 31 5 k m  
T e r m i n a l  Rendezvous 
Dock with EOS 
Orbi ta l  Maneuv 
- 
RCS 
-
3 
181 
2% Contingency 126 
Total  641 3 
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Table  A - 2  
SPACE TUG Av BUDGET FOR GEOSYNCHRONOUS ORBIT MISSION 
WITH 28.5-DEG INCLINATION CHANGE 
Gravi ty  L o s s  
Midcourse  Cor rec t i on  
Apogee Burn  to C i r c u l a r i z e  
Station Keeping 
Deploy Payload 
Phas ing  Orb i t  Inser t ion 
Re t r i eve  Payload 
Deorbi t  to T r a n s f e r  Orb i t  Injection 
Grav i ty  L o s s  
Midcourse  Cor rec t i on  
Grav i ty  LOSS 
Circu la r iza t ion  Burn  into 315 k m  
T e r m i n a l  Rendezvous 
Dock with EOS 
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Table  A-3 
MASS BREAKDOWN AND EXPENDABLES BUDGET FOR BASELINE MISSION. 
DEPLOY AND RETRIEVE SAME PAYLOAD, GEOSYNCHRONOUS ORBIT 
WITH 28.5-DEG IYCLINATION CHANGE 
(A DRY MASS O F  4247 kg WAS ASSUMED) 
Maneuver 
AMOOS Deployed M a s s  
Separa te  f r o m  EOS t o  AEI Burn 
Ascend El l ipee  Inser t ion  (AEI) Burn 
After  AEI Burp to MCC 
Midcourse Correc t ion  (MCC) 
After MCC t o  MOI Burn 
Mission Orbi t  Inser t ion  (MOI) Burn 
After  MOI t o  Payload Deployment 
2140 kg Payload Deployment 
After Payload Deployment Through Payload 
Rendexvous 
2140 kg Payload Docking 
After Docking t o  DEI 
Descend El l ipae  Inser t ion  (DEI) Burn 
After DEI to MCC 
Midcourse Correc t ion  (MCC) 
Aeromaneuvering 
Adjust to 720 x 315 k m  Phasing Orbi t  
Ai te r  Phasing Orbit  Inser t ion  t o  Ci rcu lar iza t ion  
Ci rcu lar ize  t o  315 k m  
Terminal  Rendezvous and Docking 
Burn-out  M a s s  
Trapped Propel lan t  and Camee 2 2 2 k ~  
Payload 2140kg 
Dry Mass  
:* 
Includes 37.7 kg of  vented propellant  
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Table  A-4 
MASS BREAKDOWN AND EXPENDABLES BUDGET FOR ALTERNATE MISSION A, 
DEPLOY PAYLOAD ONLY, GEOSYNCHRONOUS ORBIT 
WITH 28.5 -DEG INCLINATION CHANGE 
(A DRY MASS O F  4247 kg WAS ASSUMED) 
Maneuver 
AMOOS Deployed M a a s  
Separa te  f r o m  EOS t o  AEI Burn  
Ascend El l ipse  Inser t ion  (AEI) Burn  
After  AEI Burn  t o  MCC 
Midcourse Cor r ec t i on  (MCC) 
After  MCC t o  MOI Burn 
Miss ion  Orb i t  Inser t ion  (MOI) Burn 
After  MOI t o  Payload Deployment 
3663 kg Payload Deployment 
Af ter  Payload Deployment to DEI 
Descend E l l i p se  Inser t ion  (DEI) Burn  
After  DEI t o  MCC 
Midcourse  Cor r ec t i on  (MCC) 
Ae rumaneuvering 
Adjust t o  720 x 315 k m  phasing o rb i t  
After  Phas ing  Orbi t  Inser t ion  t o  Ci rcu lar iza t ion  
Ci rcu lar ize  t o  315 km 
Termina l  Rendezvous and Docking 
Burnout M a s s  
Trapped Propel lan t  and G a s e s  222kg 
Dry Mass 
;: 
Includes 37.7 kg of vented propellant  
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Table  A-5  
MASS BREAKDOWN AND EXPENDABLES BUDGET FOR ALTERNATE MISSION B, 
RETRIEVE PAYLOAD ONLY, GEOSYNCHRONOUS ORBIT 
WITH 28.5-DEG INCLINATION CHANGE 
(A DRY MASS OF 4247 kg WAS ASSUMED) 
Maneuver 
AMOOS Deployed M a s s  
Separate f r o m  EOS t o  AEI Burn  
Ascend El l ipse  Inser t ion  (AEI) Burn 
After  AEI Burn  t o  MCC 
Midcourse Correc t ion  (MCC) 
After  MCC t o  MOI Burn 
Mission Orb i t  Inser t ion  (MOI) Burn 
Af t e r  MOI ta  Payload Docking 
5 187 kg Payload Docking 
After  Docking t o  DEI 
Descend E l l i p se  Inser t ion  (DEI) Burn 
After  DEI to MCC 
Midcourse Correc t ion  (MCC) 
Aeromaneuvering 
Adjust t o  720 x 315 k m  Phasing Orbi t  140.0 
Af ter  Phas ing  Orbi t  Inser t ion  t o  Ci rcu lar iaa t ion  
Ci rcu lar ize  t o  315 km 
Tertninal  Rendezvous and Docking 
Burn-out Mass 
Trapped Propel lan t  and Gases  222kg 
Payload 5187 kg 
Dry Mass 
ii 
Includes 37.7 kg of vented propellant  
Geomagnetic Storm 
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difference 1%) f r o m  the US Standard Atmosphere 1962, 
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e s t i m a t e s  only. F u r t h e r  use should not be mado without 
contacting personnel  of the Aerospace  Environment 
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MSFC; January 1971 
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Fig. A-1 - Atmospheric Density Dispersions Based on 1962 U.S. Standard Atmosphere  - Summer 
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Fig.A-2 - Atmospheric Density Dispersions Based on 1962 U.S. Standard Atmosphere - Winter N 
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T Orbi ta l  Inclination = 0 deg 
1. Delivered to 296km Ci rcu la r  
Orbit b y  the EOS 
2. Burn to Mission Transfer  Orbit  
3 .  Midcourse Correct ion 
4. Burn-to- Mission Orbi t  
5. Del iver  Payload 
6. Burn-to-Phasing Orbit  fo r  
Rendezvous with Return 
Payload 
7. Rendezvous and Dock with 
Return Payload 
- 
4: 9 .  Midcourse Correc t ion  
10. Aeromaneuver to  Phasing Orbi t  
Plane and ~ ~ o ~ e e *  
11. Burn-to-Achieve Phasing Orbi t  
Pe r igee  
12. Burn-to-EOS Rendezvous Orbi t  
- 
* 
Denotes AMOOS Maneuvers Distinct 
f r o m  Space Tug Maneuvers. 
Fig.A-3 - AMOOS Mission P ro f i l e  
Orbital  Inclination = C deg 
1. Delivered t o  296 km 
Circu lar  Orbit by the EOS 
2. Burn to Mission Transfer  
Orbit  
3. Midcourse Correct ion 
4. Bu rn-to-Mission Orbit  
5, Deliver Payload 
----- 6. Burn-to-Phasing Orbi t  
for  Rendezvous with Return 
Payload 
7. Rendezvous and Dock with 
Return Payload 
8. Burn-to- Transfer  Orbi t  
9. Midcourse Correc t ion  
10. Burn t o  Achieve Phasing 
Orbi t  Apogee 
11, Burn-to-EOS Rendezvous 
Orbi t  
---- 
Fig. A-4 - Space Tug Mission Profi le  
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Fig. A-5- Incremental  Velocity Requirements vs  Mission Altitude With and Without Orbi t  Inclination 
Change (Gravity losses ,  contingency and A v  for  orb i ta l  maneuvers  not included) 
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\ Actual P e r i g e e  
Ti:z.c :iirc:r Deorbit El i ipse  InserLion Eurn  ( s )  
Fig .  4 - 6  P a r t i a l  Derivative of the  T r a n s f e r  El l ipse  Pe r igee  wit11 RespecL Lo V e l o < ~ t y .  Radial  Distance t o  
Earth Center  and Fl ight  F a t h  Angle ( T r a n s f e r  El l ipse  f r o m  Geosynchronous Orhil  t o  a 'Target 
P e r i g e e  of 7 0  km Altitude) 
HS = Horizon Sensor 
LT = Landmark Tracker  
Time af te r  deorbit ellipse insertion burn ( 5 )  
Fig. A-7 - A v ,  ,Fuel Consumption fo r  Midcourse Correction and Radial Perigee Position Uncertainty 
for Return from Geosynchronous Orbit 
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AERODYNAMIC ANALYSIS 
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Appendix B 
NOMENCLATURE 
Description 
&rag f o r c e  coeflicient in the wind ax is  sys t em,  ~ ~ / q ,  Sref
po:;itive in thc  negative direct ion of Xw (dilnensionless) 
abbreviat ion for center  of g rav i ty  
l i f t  f o r c e  coefficient (stabil i ty o r  wind axis  sys t em)  
~ ~ / q ,  Sref,  positive in the  negative clirection o l  Zs 
o r  Z, (dimensionless)  
roll ing m o m e n t  coefficicnt in the body axis  sys t em,  
hqX/q, S,,'J (cli~nension;css) 
pitchi,)g r n o ~ u e n t  coefficient in tlie body ax is  s y s t e ~ r i ,  
My/q, SreI t  (dimcnsionlcss)  
yawing moment  coefficient in the  body axis  systenl ,  
M ~ / c ~ ,  S,,r# (dirnensionless) 
s idc  fo rce  coefficient (body o r  stabil i ty axis  sys t em) ,  
F ~ / ~ w  s r e f '  positive in the positive direct ion of Y (dirnen s l o n l e s s )  
i n c r e n ~ e n t a l  pitching moment  coefficient defined a s  the  
pitching niomcnt coefficient d e t e r ~ n i n e d  with f lap d e -  
f lcct ion a t  a par t icu la r  angle o l  attacli n ~ i l l u s  the pilching 
nic,rnenL coeificient with no flap deflection a t  the  s a m e  
angle  of af:taclc (dimensionless)  
d rag  i o r c e  in the wind axis  systern, posit ivc in Lhe 
n ~ g a t i \ ~ c  direct iun of S (N,  lb )  W 
l i f t  fo3 . r . e  ( s t a b i l i t y  o r  ..&rind ax is  sys tcn l ) ,  posit ivc in 
L i i c :  ncg;a(.ive c l i r e c t i u ~ ~  o l  % r Z (N,  l b )  
S \?I 
sicl~? lo rce ,  pvsit ivc in t l ~ c  posit ivc direci:io~l oi  1' (N,  l b )  
J'3902.72 
NOME:NCL,ATURE (Continued) 
r e f e rcncc  1c11i:lli ( i ) ( > t l y  1cnfif:h) (111, f t ) ,  c o n s L a r ~ l ,  c-cl1~11 i o  
17.88 1.11 (58 .0h  l ' i )  
Mach llumbcr (dimensionless)  
roll ing moment  in the body ax i s  s y s t e m ;  i .e. ,  moment 
about the X-axis  (a positive roll ing moment  tends  to  
ro ta te  the  positive Y-axis toward the posi t ive  Z -ax i s ) ,  
( I ,  f t- lb) 
pitching moment  in  the body (o r  s tabi l i ty)  axis  sys t em;  
i.e., moment about the Y-axis ( a  posi t ive  pitching 
moment  tends to ro ta te  the posi t ive  Z-ax is  toward the 
posit ive X-axis) ,  (N-m, i t - lb )  
yawing moment  in the  bc)dy axi.s system; i . e . ,  inoinent 
about the  Z-ax is  (a positive yawing moment  tends to 
ro ta te  the  positive X-axis toward  the posi t ivc  Y-axis) ,  
(N -m,  i t - lb)  
2 dynamic p r e s s u r e ,  v2/2 (N/III , p s i )  Po3 Co 
f r e e s t r e a m  lieynolds number  p e r  unit length ( l /n? ,  l / f t )  
2 Z i 
r e f e rence  a r e a  (m , ft ) constant ,  equa l  t o  15.69 m 
(168.9 fi:2) 
tunnel supply t empera tu re  (OK, O R )  
0 f r e e s t r e a m  sta t ic  t e m p e r a t u r e  ( K, O R )  
f r e e s t r e a m  a i r speed  o r  speed of the  vehicle re la t ive  
t o  t he  surruunding a tmosphere  ( in/sec,  f t /sec)  
body ax is  sys t em coordinates  ( the X ,  %-plane i:; the plane 
of symmet ry  and the origin oi  t he  ax is  system. i s  1:Ilt. 
cen te r  of gravi ty ,  cent:er of m a s s ,  o r  a n y  other coi~venierrl: 
point) (m, f l )  
anglc of at tack,  angle  1,eiwccn t h e  projection of tile xvintl 
X 
-axis  on the body X ,  %-plane and the body >:-asis (dcg)  
M' 
sic1esli.p a n g l c ,  angle bctwcel-I the wi.nd X ,-axis and ihc 
projcctjon of this axis on the  body X ,  %-$l;inr (dep;) 
flap dnfli:~:ti<)n iulgle, pcisitive wile;> Llic t rs i l ing <:c!~:e i s  
<lt:[l.cct cd do\vn. (dc::) 
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Appendix B 
Presented herein a r e  pertinent analytical data plots for the AMOOS 5B 
and HB configurations with the ramp flap. The ramp flap dimensions a r e  
identical for both configurations, namely, the ramp angle i s  10 deg and the 
2 flap area  is 6.13 m (Fig.B-1). The reference data pertinent t o  the aero- 
dynamic data presented are: 
Reference a rea  = 15.69 m 2 
b Reference length = 17.88 m 
m Pitching moment reference point (X ) is  
measured from vehicle nose. C g 
Rolling and yawing moment reference points 
l ie  on the centerline of the vehicles. 
The analytical variation of maximum l i f t  coefficient with t r im  center-of- 
gravity location is shown in Figs. B-2 and B-3 for the 5B and HB ramp flap 
configurations. The experimental variation of maximum lift coefficient with 
t r im  center of gravity i s  shown in Figs. B-4 and B-5 for the 5B and HB con- 
figurations, respectively, for various settings of the expansion flap. The t r i m  
characteristics for forward and aft center-of-gravity locations a r e  shown in 
Figs. B-6 through B-9 for various settings of the ramp flap. Data a r e  presented 
for both the 5B and HB configurations. It may be concluded from these data that 
the ramp flap is  capable of trimming either vehicle throughout i ts  expected 
center-of-gravity range. The lift-to-drag ratio i s  exhibited in Figs. B-10 and 
B-11. 
Static stability about all three axes is shown in Figs. B-12 through B-19. 
q i g . ~ - l  - A 10-Degree Ramp  Flap  on AMOOS 5B with F lap  A r e a  = 6.13 m 2 
I F-,c. G. Range -4 
1.2 I I I I I 1 I I I I 
.42 .44 .46 .48 .50 .52 .54 .56 .58 . f 
- - 
Trim Center of Gravity (Fraction of eref)  
Fig. B - 2  - Analytical Variation of C with Trim C. G .  for Particular Flap Deflections 
Lmax 
for AMOOS 5B with Ramp Flap 
T r i m  Center  of Gravity (Frac t ion  of iref) 
Fig. B - 3  - Analytical Variation of C with T r i m  C. G. fo r  Pa r t i cu l a r  F l ap  
Lrnax 
Deflections for  AMOOS HB with Ramp F l a p  
,-. ,--- -".. 
Trim Center of Gravity (Fraction of Pref)  
Fig.B-4 - Variation of C wi th  T r ~ m  C. G. for Particular Expansion Flap Deflections for 
- AMOOS 5B Lrnax 
1.0 
. 3  6 . 3 8  .40 .42 .44  .46 .48 .50 .52 .54 .56 .60 
T r i m  C e n t e r  of Grav i ty  ( F r a c t i o n  of P ) ref  
C. G. Range -4 
Fig. B-5 - Varia t ion of C wi th  T r i m  C. G.  fo r  P a r t i c u l a r  Expans ion  Flap Deflect ions f o r  AMOOS HB 
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Fig. B-6 - T r ~ m  Cha rac t e r i s t i c s  of AMOOS 5B a t  F o r w a r d  C. G. 2 
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Fig .B-7  - Trim Charac te r i s t i cs  of AMOOS 5B at  Aft C.G. 
Fig .B-8  - Trim Characteristics of AMOOS HB at Fomard C. G. 
Fig. B-9 - T r i m  Characterist ics of AMOOS H B  at Aft C. G .  
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Fig.B-10 - Analytical Lift-to-Drag Ratio vs Lift Coefficient for  5B 
with i n  dee; Ramp Flap for 0, -10,  -20 ,  -40 and -90 deg 
(nb flap) Flap Deflections 
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Fig. B-1 1 - Analytical Lift-to-Drag Ratio v s  Lift Coefficient for H F  
with 10 deg Ramp Flap for 0, -10, -20, -40 and -90 deg 
(no flap) Flap Deflections 
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SIDE SLIP ANGLE. BETA. DEGREES 
onia a r  RnsoL  FIGURATION MsCR~PTION DLWD ELYAIA 
i 105915 ) CMFIGURATION 5B 10.0 RARP W I O  ELEIIINVISCID.* 40.000 0.000 (LO5420 ) 0 CMFIGVRATIDN 58 10.0 8A.P U I O  LEs.1NVISCID.r 45.000 0.000 
I W5425 ) CMFIGURATION 5B 10.0 R A ~ P  uro LF.~~FIYISCIO.* 50.000 0.000 
( A05430 ) 8 C ~ Y F ~ ~ U R A T I O N  58 10.0 DRmP U/O ELE.*INVISCIO** 55.000 0.000 
Fig. B-12 - Analytical Yawing Moment Coefficient vs Side Slip Angle with 
Angle of Attack as a P a r a m e t e r  for the 5B Configuration with 
a 10-Degree R@mp.Flap Deflected -90 Degsees (no flap) .and a 
Trim X i .  i.. ..of 45. 80/0Pief 
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SIDE SLIP ANGLE. BETA. DEGREES 
OPT6 SET SVWR C((IFlGURLI71ON OESCRIPTION aLPH6 ELVDTR 
I LSSM5 ) CWFIGUPDTION 58 10.0 ReVP W I O  ELE.*INVISClD*r 110.000 0.000 
( nsswo 1 B c m F  O w n i  ON 58 10.0 PnnP w,o ELEII~NV~SC~OII *5.000 0.000 
1055'125 ) C((IF~OUODT~ON 58 10.0 PnVP W I O  ELE*~~NVISCIOII 50.000 0.000 
( a55430 3 8 CCUFlGUOPTlON 58 10.0 PPPlP U/O ELE..lNVISCID.* 55.000 0.000 
Fig. B-13 - Analytical Yawing Moment Coefficient vs  Side Slip AnglB with 
Angle of Attack a s  a P a r a m e t e r  for  the  5B Configuration with 
a 10-Degree Ramp Flap Deflected -90 Degrees (no'flap) and a 
Trim X . of 53.  O%'oref 
c .g .  
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Fig. B- 14 - Analytical Rolling Moment Coefficient vs Side Slip Angle with 
Angle of Attack a s  a P a r a m e t e r  for  the 5B Configuration with 
a 10-Degree Ramp F lap  Deflected -90 Degrees (no flap) 
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Fig. B - 15 - Analytical Side Force  Coefficient vs Side Slip Angle with 
Angle of Attack a s  a P a r a m e t e r  for  the 5B Configuration 
with a 10-Degree Ramp Flap Deflected -90 Degrees 
(no flap) 
LMSC-NREC TR D390L72 
OLTA Y T  5VFIBk CONFIGURnTION OESCPIPTION ALPHP FLVPlR 
I LO5390 ) CMFIGURATION HB 10.0 RLnP WID ELE*+INVISCIDI* 90.000 0.000 (LO 195 ) CMIFIGURATIFN HB 10.0 RARP WID ELE.~INVISCIOII '45.000 0.000 
1 aoSroo 7 CMIFIGURATION HB 10.0 R ~ P  WID ELE=.INVISCIO.. 50.000 o.000 
(#DSY05 > 8 CLWFIGURATION HB 10.0 RON' W I O  ELEIIINVISCIO*. 55.000 . 0.000 
Fig. B - 16 - Analytical Yawing Moment Coefficient vs Side Slip Angle with 
Angle of Attack a s  a P a r a m s t e r  fop the HB Configuration with 
- 
a 10-Degree R a m  Flap Deflected -90 Degrees  (no flap) and a 
Trim X 
c . g .  of 3 8 . 3 % ~ ~ ~ ~  
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SIDE SLIP ANGLE. BETA. DEGREES 
DDTA SET SYI188X . ClWFIGURPIlION DESCRIPTION 6LPHh ELVPTR 
( PISS390 )- 
( nss395 ) 8 CWFII.URPITION HB 10.0 PPmP W/O ELE..INVISClOli 90.000 0.000 ClWFIGUWnTlON HE 10.0 Rnnp W I O  ELE..INVISCIDI* 45.000 0.000 
( n55400 ) ClWFlGUPPTlMl HB 10.0 Pnmp WIO ELE..INVISClOlr 50.000 0.000 (assro5 ,  8 CavFlGuRaTlw H B  10.0 Ramp ulo nr..tNvrgclo.. 55.000 0.000 
F i g .  B-17 - Analytical  Yawing Moment Coefficient vs Side Slip Angle with 
Angle of Attack as a P a r a m z t e r  fo r  the  HB Configuration with 
a 10-Degree Ramp F lap  Deflected -90 Degrees  (no flap) and a 
Trim X '  
c . g .  of 49. 3% lref 
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SIDE S L I P  ANGLE. BETA. OEGREES - ~- 
OPT& YT S V m B N  CCNFlGURIlION DESCRIPllON ~ L P H ~  ELYITR 
( PO5390 ) CCNFIGURPTIDN HB 10.0  RIRP MI0 ELE*rlNL'lSClDv. *O'.OOO 0.000 (eOS395 > 8 CmFIGURITlON HB 10.0 RIRP WIO ELEI.INVISCID*I 45.000 0 .000 
i nOS*00 ) CMFIGURflTION I40 10.0 RPRP WIO FLEIIINVISCID*. 50.000. 0.000 
1605*05 ) 8 C[YYFIGUPl\TlON HB 10.0 R e w  MID ELE.rlNV1SClD.r 55.000 0 .000 
MCH 2b.800 
Fig.B-18 - Analytical Rolling Moment Coefficient vs Side Slip Angle with 
Angle of Attack a s  a P a r a m e t e r  for the HB Configuration with 
a 10-Degree Ramp Flap Deflected -90 Degrees (no flap) 
ORTO S T  SVnBW. CWFIGUA6TION DESCRIPTION LLPHD ELVATR 
1 0 0 ~ 3 9 0  1 CCNFIGUP~T~ON HB 10.0 Ramp WIO ELE=~INVISCIOI* 90.000 0 .000  
1005395 I Q CCNFIGURPTION H8 10.0  PPllnP WIO ELE-.INVISCID** 45.000 
I nos900 I CWFIGURPITION HB 10.0 A P I ~ P  UIP ELEI*INVISCID*I 50 .000  8:888 
'1  h05905 I 8 , CCUFIGURATION HB 10 .0  RhflP YlO ELE.rlNVISCIO*. 55 .000  0 .000  
Fig.  B-19 - Analytical Side Force  Coefficient v s  Side Slip Angle with 
Angle of Attack a s  a P a r a m e t e r  fo r  the HB Configuration 
with a 10-Degree Ramp Flap  Deflected -90 Degrees 
(no flap) 
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Appendix C 
LOADS ANALYSIS, MATERLAL PROPERTIES 
AND STRUCTURAL DESIGN 
Appendix C 
NOMENCLATURE 
Description 
2 2 
skill a r e a  (m , in ) 
2 . 2  
s t r i nge r  a r e a  (m , in ) 
s t r i nge r  f lange width (m, in )  
s t r i nge r  spacing (m, in)  
2 
m a t e r i a l  e las t ic  ~ ~ l o r i u l u s  ( ~ / n - t ~ ,  ll>/in ) 
L 
cr i t i ca l  s t r e s s  ( I  , lb/inL 
accelc-ration factor 
s t r i nge r  web height (ul, in )  
r ing spacing ( in )  
s t r i nge r  c r i t i c a l  colunln length (111, in )  
bending moinent (N-m, in- lb)  
ax ia l  l ine  load (N/m, lL/in) 
design l ine  load ( n  lb/iil) 
ax ia l  load ( N ,  I b )  
ax ia l  load pt:r typ ica l  s t r i nge r  spacing d (N, l b )  
radius  (m, i n )  
thiclaless ( I ,  i n )  
N0ME;NCLATUIIE (Continued) 
~ I _ c  l.iJJj.0~ 
Poisson rat io 
3 densi ty  (kg/m3, lb/in ) 
2 
s t r e s s  (kg/rn2,  lb / in  ) 
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Appendix C 
LOADS ANALYSIS 
Loads analyses w e r e  performed t o  determine the c r i t ica l  bending mo-  
ments and axial  loads during AMOOS flight and t ransportat ion by the Space 
Shuttle. Aerodynamic normal  and axial force  distribution fo r  a one-pass 
mission were  obtained for  the c r i t ica l  dynamic p r e s s u r e  and angle of attack. 
These aerodynamic force  distributions fo r  a dynamic p r e s s u r e  of 5920 N/m 2 
for the 5B configuration and 5038 N/m2 for the HB configuration a r e  shown i n  
Figs. C-1 and C-2, respectively. Using the  m a s s  distribution (Figs. C-3 and 
C-4) corresponding t o  the  AMOOS reent ry  configuration the  bending moment and 
axial force  distributions were  determined (Figs. C-5 and C-6). F r o m  these  
the maximum compressive limit load, N, in the shel l  body s t ruc ture  f r o m  
ae ro  forces  was determined, 
The design load, ND, equals f x N  where the factor of safety f = 1.25. 
The  AMOOS m a s s  distribution corresponding to  the  EOS flight configu- 
ration and the interface points i n  the Shuttle ca rgo  bay w e r e  analyzed t o  obtain 
the AMOOS vehicle loads. The EOS payload g factors  fo r  the  different flight 
phases a r e  given in  Table C-I. These factors  were  applied to  the force  d is -  
tributions t o  obtain the  maximum loads. The  EOS orbi ter  end burn  was  the  
maximum condition. The factor of safety of 1.25 was applied t o  obtain the 
design load. 
The EOS flight environment during orbi ter  end burn was the maximum 
load condition and was used t o  determine the required body shell  c r o s s  - 
sectional properties.  The design loads for  t h e  a e r o  reent ry  and EOS orb i te r  
end burn conditions a r e  given in  Table C-2. 
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MATERIAL PROPERTIES 
Four candidate materials were selected for study for the AMOOS ve- 
hicles: (1) titanium,Ti-6AP-4V; ( 2 )  beryllium-38% aluminum, Be-38M; (3) 
magnesium, HM21A-T8; and (4) graphite/polyimide, ~ r / P i .  The first three  
a r e  metallic materials and state-of-the-art while the fourth, Gr/Pi, i s  a 
non-metallic composite. Further development work needs to be performed 
for G r / P i ,  especially in the areas  of fabrication and additional test data. 
Large size stiffened panels a s  would be required for AMOOS-type vehicles 
have not yet been fabricated using G r / P i .  All four materials meet the 5 8 9 O ~  
( 6 0 0 ~ ~ )  temperature requirement se t  for the body shell during AMOOS reentry. 
Magnesium i s  not a high strength nor high modulus material when com- 
pared with the others. Since the M O O S  vehicle i s  a lightly loaded shell 
structure and cross  sections were determined by local instability rather than 
material strength properties magnesium is  competitive. 
The material  properties for the metallic materials for room tempera- 
ture  and 5 8 9 O ~  (600 '~)  a r e  given in Table C-3. 
Data from structural  tests on G r / P i  specimens for a symmetrical 
(0,+45, 90) orientation a r e  given in Table C-4 for HT-S/710 composites. 
STRUCTURAL DESIGN 
Typical structural cross-sections were determined from the maximum 
design load considering the following constraints: ( I )  standard skin gages were 
considered; (2) no skin gage less than .081 cm (0.032 inches) was used due t o  
scraping the TPS for refurbishment; (3) uniform stringer spacing or constant 
number of stringers were maintained for each vehicle; and (4) skin buckling 
was not allowed. 
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A skin gage was assumed and the  allowable s t r inger  spacing for a 
minimum m a s s  designed stiffened cylindrical shell  was determined based 
on the  design load N,, (Ref. C-1) 
The cr i t ical  skin buckling s t r e s s  was then determined tor this  s t r inge r  
spacing. 
The total  axial  load P,, for the  typical s t r inger  spacing was determined by 
F rom this  load the  required s t r inger  a r e a ,  Ast r .  t o  prevent the panel skin 
f rom buckling is determined using 
Skin buckling i s  not allowed since this would cause fai lure  in the  TPS 
bond. A channel section s t r inge r  is determined based on the  requi red  a r e a .  
The flanges andweb buckling s t r e s s e s  a r e  computed to be s u r e  positive marg ins  
of safety exist. 
2 
F - 1.2711 E 2 
cr 2 (ts/bs) flange 12(1-(L ) 
2 
F - 5 . 4 2 ~  E 2 
c r  web 12(1-p 2 ) (ts/hs) 
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The cr i t ica l  ring spacing was determined by Eu le r ' s  column buckling 
equation 
where  Fcris t he  skin buckling s t r e s s .  Ring s i z e  was determined by the  method 
presented in Ref.C-1. 
Each AMOOS vehicle configuration consisted of a forward body section 
and an  aft  body section. The forward section contained the  LOX and LHZ 
tanks and experienced heavier loads than did the  aft section. The aft section 
consisted of the  payload bay and engine. Different skin gages were  determined 
for each section based on the i r  respective loadings. A common s t r inger  spacing 
or  constant number of s t r inge r s  was determined based on the  minimum spacing 
of the  two sections and the  skin gages optimized for this  spacing. 
The  pr imary  s t ruc tu ra l  weights fo r  the candidate mater ia l s  were  deter-  
mined in this method. These m a s s e s  a r e  presented in Table C-5. Since the  
m a s s  for the  5B and HB configurations a r e  approximately the same ,  only the  
5B values were  determined for a l l  mater ia l s .  The m a s s  values do not r e p r e -  
sent  the optimum weight s t ruc tures  but does prove that  t he  AMOOS vehicle is 
pract ical  and i s  well  within the  dpy m a s s  constraints for this  vehicle.  A 5% 
m a s s  inc rease  was added t o  the  calculated value t o  include m a s s  due t o  
fas teners ,  local  i nc reases  a t  tank supports ,  etc.  
REFERENCE 
C-1. Block, D.L. ,  1IMinimum Weight Design of Axially Compressed Ring and 
Stringer Stiffened Cylindrical Shells," AIAA 9th Aerospace Sciences 
Meeting, P a p e r  No. 71-147. 
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Table C-1 
SHUTTLE PAY LOAD BAY LIMIT LOAD FACTORS 
* 
Positive X, Y ,  Z direct ions equal af t ,  r ight and up. Load fac tor :car r ies  
the sign of the  externally applied load. 
* Condition 
*** Liftoff 
High Q Boost 
Booster End Burn 
Orbiter End Burn 
Space Operations 
Entry 
Subsonic Maneuvering 
Landing and Braking 
** Crash  
L 
** Crash  load factors  a r e  ult imate and only used t o  design payload support  
fittings and payload attachment fas teners .  C r a s h  load factors  for  t h e  
nominal payload of 29,485 kg (65,000 lb) .  Longitudinal load factors  a r e  
directed in t h e  forward azimuth within 20 deg of the orb i te r  longitudinal 
axis.  The specified load fac tors  shal l  operate  separately.  
- 
* * * ~ h e s e  fac tors  include dynamic t rans ien t  load factors  at liftoff. 
(Long. (+ R e a r )  
X 
-1.7 j: 0.6 
-1.9 
-3.0 L 0 . 3  
-3.0 + 0.3 
- 
-0.2 
+0.1 
- f0.25 
- f0.25 
- t1.5 
+9.0 
- 1.5 
Lat .  (+ R t )  
Y 
t0.3 
- 
t0 .2  
- 
- t0.2 
- t0.2 
- M.l 
- t0.5 
- t0.5 
- t1.5 
- $1.5 
Vert .  (+ Up) 
Z 
-0.8 
-0.2 
+0.2 
-0.5 
-0.4 
-0.5 
- M . l  
t3.0 
- 1 .o 
+2.5 
-1.0 
+2.5 
4 . 5  
-2.0 
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Table C-2  
AMOOS DESIGN AXIAL LINE LOADS 
Mote: Load in N/m (lb/in ). 
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Table C-3 
MATERIAL P3OPERTLES 
. . . 
Ee-38A1, LMSC Rcport  679606, O C ~ .  17,1967 
I 
HMZIA,  MIL-HDBK-5, Sept. 1971 
c-9 , i 
~ a ~ n e s i u m  ' 
HM 21A-T8 
. (Sheet) 
: A  
228 (33) 
76 (11) 
124 (18) 
5 5  (8) 
103(15)  
69 (1.0) 
145 (2.1) 
48  (7) 
4 5  (6. 5) 
36 (5.2) 
'. 35 
1770 (. 064) 
Ref: Ti-6A4-4V, Ma-HDBK-5, Sept. 1971 
. . .  
.., 
Beryll ium-Aluminum 
Be-38 AP 
,, (Sheet, Annealed) 
A 
303 (44) 
179 (26) 
214 (31) 
15z (22) 
193 t28) 
124 (18) 
! 169 (23) 
97 (14) 
. 
193 (28) 
172 (25) 
. .14 
/. 
2080 (. 075) 
Mechanical  
P r o p e r t i e s  
Bas i s  
~ N / r n ~  (ksi): Etu' 
294OK ( 7 0 ' ~ )  
58g0K ( 6 0 0 ~ ~ )  
F . , ~ N / r n ~  (ksi): 
t Y 
2 9 4 ' ~  ( 7 0 O ~ )  
5 8 9 ' ~  ( 6 0 0 ° ~ $  
F ~ N / r n ~  (ksi): 
cy' 
2 9 4 O ~  ( 7 0 O ~ )  
5 8 9 ' ~  ( 6 0 0 ~ ~ )  
FsU, M N / ~ ~  (ksi): 
294OK ( 7 0 O ~ )  
589OK (600°F) 
E, G N / ~ '  ( l o3  ksi:) 
2 9 4 ' ~  (70°F) 
5 8 9 ' ~ . ( 6 0 0 ~ ~ )  
P 
P h ~ i c a l  P r o p e r t i e s  
- 
p,  kg/m'(lb/in3) 
. . . . . 
. . 
. .. 
Titanium 
Ti - 6 A4 - 4V 
(Sheet, Annealed) 
A 
924 (134) 
724 1105) 
869 (126) 
586 (85) 
910 (132) 
921 (90) 
. . 
545 (79) 
400 (58) 
. 
110 (16) 
90  (13) 
. 3 1  
4430(. 16) 
.. ... 
. .. 
Table C-4 - 
DESIGN PROPERTIES O F  I I T - S / ~ I O  COMPOSITES (0, t 45 DEGREES, 90) 
- 
(GRAPHITE /P~LYIMIDE:) 
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Table C-5 
PRIMARY STRUCTURE DRY MASS 
P 
Material 
Titanium 
B eryllium- Aluminum 
Magnesium 
Graphite/Polyimide 
5B 
2165 kg 
(4774 lb )  
1158 kg 
(2548 lb )  
1168 kg 
(2574 lb)  
1888 kg 
(4162 lb)  
HB 
1052 kg 
(2320 lb) 
Mach 2 6 . 8  , 
Sta t ion  (m) 
F i g .  C - l  - Aerodynamic  F o r c e  Dis t r ibu t ion  f o r  the AMOOS 5B Conf igura t ion  
Mach = 26.8 
q = 5038 ~ / m  
a = 50° 
Normal F o r c e  
- 
'yAxial 
I 
I 
I I I I I I I 
2 4 6 8 10 12 1 4  16 18 1 
Station (m) 
Fig.  C-2  - Aerodynamic F o r c e  Distribution for the  AMOOS HB Configuration 
Station (m) 
Fig. C-3 - AMOCS 5B Distr ibuted M a s s  
Fully Fueled 
-- - AMOOS Reentry  
----- Empty 
Fully Fueled 
--- AMOOS Reentry 
,,,,, Empty 
-2- 
\ 
1600 
.% 
- 
"l 3 
.ct 1200 
u + 
? 
2 
k 
* 
V1 
so0 
400 
0. 
!x' 
Station (m) M C] 
H 
!x' 
Fig. C-4 - AMOOS HB Distributed Mass u 
W 
Q 
0 
N 
4 
(u 
8037 kg/m 
y8001 kg/m 
l7 L 
- 
- 
7 
.L7 
-- 
7 
- 
- 
I 
I 
I  r 
'I-,,, %-,,,, L--L-- 
'L , ., , , , , I I E 
1 I I I I I I I I rn I n 
0 2 4 6 8 10 12 14 16 18 20 & 
Bending Moment 
Axial F o r c e  
Station ( m )  
Fig. C - 5  - AMOOS HB Reentry Fo rce  Distribution 
A - Axial F o r c e  
L Bending Moment -\ I 
Station (m) 
F i g .  C,-6 - AMOOS 5B Reentry Force  Distribution 
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Appendix D 
THERMODYNAMICS 
Appendix D 
NOMENCLATURE 
I L  .T/p Tr defined for specific geomet r i e s  in Tables D- 1 
and D-3 dimens ionless  
Stant:on Plumber, q/(i?cQIJ (HW - H ) ) 'd imens ionless  
w W 
Totr+.l ent:l~alpy, (J/kg,  Bl~/l.bl.n) 
0 T k ~ e r m a l  cc,nduc?-ivity (W/rn- K ,  Btu/lt - s p . c - O ~ j  
Mriclz nn~z>l)i: 1-, dir:~%t.~.s i.canlcts :; 
2 2 Convcctivi. heat tl,cins1cr r a t e ,  ( T V / ~  , Btu/ft - s e e )  
?20c:%l be?;. rac'lus, (ft, m ) -  
Free  s t r e a m  Ke::noIdc nuixber, p U ~ / ~ c , ,  d i ~ ~ l e n s i o n l e s s  
m CO 
P o s t  shock Iiey~:o?.ds rlurr.ber, p U RAr - P d ~ b I ? / p 6 ,  d i r n e n s i o n 1 . e ~ ~  
m m  6 
0 Tempera tu re ,  (OK, R )  
F r e e  s t r e a m  velocjl y ,  (n.~/s,  it/s) 
Surfiice clist;?ncc, (n., f!: j 
R a t i o  of spec i f i c  l ~ c a i s ,  dimi.nui.oi?.less 
S ytn  I> ol 
NOMT~?<C1,A'I"ITKE (Concluded) 
Descriplion -
Viscosity,  (1ce/rn-sec, lbm/f l - sec)  
3 3 Density, (kg/rrl , l!,rn/it ) 
Cone 
To ta l  
Reference 
Wall 
F r c c  s t r e a m  
P o s t  shoclc condjtions 
S t rong  in tc rac t jon  
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D. 1 NON-CONTINUUM HEATING RATE CALCULATION METHODS 
Given i n  Tables  D-1 through D-4 a r e  the  equations f r o m  Ref. D-1 
which w e r e  used t o  develop the  computer  p rog ram for  calculation of non- 
continuum heating r a t e s  
D.2 MATERIAL CHARACTERISTICS 
The following p rope r t i e s  w e r e  used for  the Langley low density ablative 
mate  r ia l :  
F o r  the LI-900 m a t e r i a l  the  following proper t ies  w e r e  used:  
(Room Tempera ture ,  Atm) 
D.3 LEE -SIDE HEATING 
Figure D-1 shows the heating ra te  distribution curve  used i n  predicting 
lee-s ide heating r a t e s  f o r  the  AMOOS vehicles. Figure  D-1 i s  f r o m  Ref.D-2. 
D.4 RADIATIVE -TYPE T P S  MASSES 
Figure  D-2 shows the curve  used in  determining m a s s e s  p e r  unit a r e a  
and tempera ture  l imi t s  for  va r ious  radiative type T P S  ma te r i a l s .  
REFERENCES 
D-1. Engel, C. D., "Aeroheating Correlations fo r  Non-Continuum Hypersonic 
Flight," RTR-008-2, REMTECH, Inc., Huntsville, Ma.,  December 1972. 
D-2. Stevens, R. A. e t  al., "Reentry Heat Trans fe r  t o  a Delta Wing Space 
Shuttle Booster at High Angles of Attack," FZA-452, General  Dynamics, 
Convair Division, Fort Worth, Texas,  March  1971. 
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Table D-1 
TRANSITIONAL FLOW SHARP CONE HEAT TRANSFER EQUATIONS 
(6) Correlation Equation 
(7) Heat T r a n s f e r  
9 CH (Hm - HW) 
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Table D-2 
TRANSITIONAL FLOW SHARP FLAT PLATE 
HEAT TRANSFER EQUATIONS 
for p < 0.1 
(7 )  Heat Transfer 
q = pWUm CH - HW) 
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Tab l e  D-3  
TRANSITIONAL FLOW YAWED CYLINDER 
STAGNATION LINE HEAT TRANSFER EQUATIONS 
2 (Tw + Ts c o s  A ) (1) Tr = Z 
(6) Heat  T r a n s f e r  Cor re la t ion  
(7) Heat  T r a n s f e r  
q = Pm Um CH (Ha - HW) 
T a b l e  D-4 
TRANSITIONAL F L O W  STAGNATION P O I N T  H E A T  TRANSFER EQUATIONS 
(1) T r  = (Tg + T w )  / 2 (Reference temperature) 
(2) To  = T ( I  + M ') (Free s t ream stagnation temperature) 
m m 
where E = 
ZY 
(4) Heat transfer  coefficient 
(5) Heat transfer  
9 = PmUmCH(Hm- H,) 
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Angle f r o m  Stagnation Line of Cylinder, 9 (de'g) 
Fig. D-1 - Heating Rate Distribution Around AMOOS Vehicle a t  45O Angle 
of Attack 
Surface Tempera tu re  (OK) 
F i g .  D-2 - Mass pe r  Uni t  Area  for  Various Radiative-Type TPS 
Materials 
LMSC-HREC TR D390272 
Appendix E 
AMOOS BASELINE MISSION OPERATIONS ANALYSIS 
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Appendix E 
E. l  GROUND OPERATIONS FOR LAUNCH 
@ Ground support equipment (GSE) is connected and sys tems a r e  checked. 
a. Mect r ica l  checkout 
b. Leak checks 
c. Visual checks 
d. Simulated flight checkout. 
Payload i s  installed in AMOOS and AMOOS/payload interface is checked. 
AMOOS i s  installed in orb i te r  and AMOOS/orbiter interface is checked. 
a .  AMOOS is covered with an ablative thermal  protection sys t em 
(TPS) that is relatively fragi le  compared to the metal l ic  s t ruc-  
ture .  Careful unloading and loading is crit ical .  
b. All EOS/AMOOS hard  attachment points are located on the s ides  
and top  of AMOOS. No hatches o r  hard  points a r e  on the 
bottom side of the  vehicle due t o  the extreme heating ex- 
perienced during aeromaneuvering . 
c. Due t o  (b) a l l  umbilical attachments a r e  on the leeward s ide  
of the vehicle and the  vehicle is installed upside down in the  
orbi ter  cargo  bay. 
d. With (a), (b) and ( c )  in mind, special  loading and unloading 
devices must  be designed s o  that AMOOS can be loaded and 
unloaded f rom the EOS cargo bay with the EOS in a vert ical  
or  horizontal position. 
8 AMOOS is fueled while in the  orb i te r ;  vents a r e  working. (Vented gases  
pass  through umbilicals t o  the  orb i te r  for venting to  the  outer environ- 
ment.) 
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E.2 LAUNCH AND ABORT 
Q During launch AMOOS propellant gases  a r e  vented through the  Shuttle 
system. 
9 The orbi ter  i i ~ s e r t s  into initial orbit .  
9 The orb i te r  i n s e r t s  into operations orbit. 
a Abort procedures  for AMOOS 
a. If separated f rom the orbi ter ,  M O O S  re tu rns  to  the  
orb i te r  i f  t he  emergency allows. 
b. If AMOOS malfunctions in the  cargo bay o r  is nearby 
the  orbi ter ,  e.g., from (a)  then abor t  can be ca r r i ed  
out according t o  preplanned procedures .  
c. If the  emergency is with the  Shuttle sys t em instead of 
AMOOS the  basic abort  procedure for AMOOS i s  to  dump 
i t s  propellants.  
e If abor t  occurs  in suborbital  flight a f te r  littoff, 
then only part ia l  dumping can be accomplished 
due t o  t i m e  limitation. 
If abor t  occurs  in orbital  night then t h e r e  i s  t ime 
t o  dump all propellants. 
d. If an AMOOS emergency occurs  when the  Shuttle sys tem is 
on the  launch pad, AMOOS is  removed with the  orbi ter  st i l l  
in i t s  ver t ica l  launch position. 
E.3 DEPLOYMENT AND RETRIEVAL O F  AMOOS 
@ Due to  the  relatively fragile ablative TPS, considerable c a r e  in 
deployment mus t  be observed. 
Upon re t r ieva l  the  tempera ture  of AMOOS mus t  be measured  to  
determine the  necessi ty  of using special  procedures  t o  deal  with 
a hot vehicle. 
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AMOOS deployment 
a .  Propellant and e lec t r ica l  umbilicals a r e  disconnected. 
b. The secure  hard points a r e  released.  
c. The orbi ter  pole arm locks onto AMOOS and ro ta tes  the  
vehicle about an  orb i te r  residing s t ruc ture  that is attached 
t o  the base of the  vehicle. 
d. The base s t ruc tu re  r e l e a s e s  the vehicle and the  pole a r m  
extends AMOOS and r e l e a s e s  it. 
AMOOS re t r ieva l  is just t he  opposite of deployment. 
E.4 ORBITAL MANEUVERS (see  Fig. E-1) 
P r i o r  to  EOS separation, AMOOS subsjrstems a r e  activated and 
checked out, and EOS inputs AMOOS and target  s t a t e  vec tors  to  
AMOOS computer. 
EOS deploys AMOOS and burns APS until a safe  dis tance away. 
a. AMOOS flap is deflected, main engine nozzle is extended 
and main engine and APS sys tems a r e  checked. 
b. EOS checks r e s t  of AMOOS sys tem for mission readiness .  
c. If readiness  is not indicated abor t  procedures  a r e  inacted. 
@ AMOOS will fly on i t s  s ide  with respec t  t o  the  ear th due to  navigation 
requirements  (except for aerobraking and if broiling method of thermal  
control i s  used).  See Fig. E-2. 
a ,  Ear th  sensor s  -horizon t r acke r ,  landmark t r a c k e r ,  etc. - 
a r e  on the  s ide of the  fuselage that faces  the  ear th.  
b. Star sensor  is on the  opposite side that faces away f r o m  the  
earth.  
Orbit coast operations 
a .  APS a r e  fired t o  or ient  AMOOS fo r  s t a r  sensor  and ea r th  
sensor  data acquisition. 
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b. Using sensor  data,  the M U  is aligned and  the  s t a t e  vector 
is updated. 
c. EOS sends  AMOOS a se t  of orbi ta l  data t o  verify the  updated 
s ta te  vector  on (b).  
d. AMOOS computes the burn parameters  f o r  geosynchronous 
t r ans fe r  o r  bit insertion. 
e.  AMOOS maneuvers  to burn attitude. 
f. AMOOS downlinks i ts  subsystems s tatus  t o  ground. 
8 Transfer  orbi t  
a .  Main engine perigee burn into t ransfer  orb i t  is performed. 
b. After requi red  Av is obtained sensor  data  is acquired, IMU 
is aligned and the  s tate  vector is determined. 
c. AMOOS checks subsystems and downlinks subsystem status. 
d. The above procedure for t ransfer  orbi t  inser t ion i s  essentially 
the  s a m e  for  any orbit insertion. 
e. If a midcourse  correction is required IMU i s  aligned, s ta te  
vector is updated, burn pa ramete r s  a r e  computed, AMOOS 
i s  maneuvered to  burn attitude and APS engines a r e  f i red.  
f. After burn the  IMU i s  aligned, t h e  s t a t e  vector is updated 
and subsys tems s tatus  i s  downlinked. 
8 Geosynchronous orb i t  insertion 
a .  Main engine burn inser t s  AMOOS into synchronous orbit. 
b. P reburn  and post-burn procedures  a r e  s imi l a r  t o  those of 
the  t r a n s f e r  orb i t  burn. 
c. A ground based navigation update s y s t e m  i s  likely to  be 
requi red  t o  achieve a payload positioning a t  geosynchronous 
orbi t  such  that the  drift  r a t e  i s  within generally accepted 
l imits .  
d. Variance f r o m  planned orbit  i s  determined and an APS 
correct ion burn is performed. 
Deploy payload 
a. AMOOS is maneuvered to  att i tude for payload deployment. 
b. T V  camera  makes s u r e  payload c l ea r s  AMOOS safely and 
then inspects payload. 
c. AMOOS maneuvers  a safe  distance away and performs 
stationkeeping until payload operational s ta tus  i s  verified.  
@ Rendezvous phasing orbit  
a .  APS o r  main engine i s  burned for rendezvous phasing orbit  
insertion. 
b. Midcourse correct ion i s  performed if necessary .  
Rendezvous burn i s  performed with APS o r  main engine 
Payload re t r ieva l  
AMOOS points t o  t a rge t  l ine of sight based on onboard data. 
Search mode is actuated until l a s e r  radar  locks onto payload. 
AMOOS updates its own state  vector with data i t  acquires .  
AMOOS maneuvers  t o  intercept payload using APS. 
TV is activated when range i s  sufficiently c lose  (optional). 
Guidance and control data a r e  transmitted t o  ground control, 
The onboard computer will  accept over r ide  signals for  a t t i -  
tude control and translational maneuvers .  
Ground commands a r e  executed a s  needed. 
Docking maneuvers  a r e  computed and executed 
APS nozzles must  b e  properly located such that no plume 
impinges upon payload while docking maneuvers a r e  being 
performed.  
The payload i s  attached and secured in AMOOS. 
@ Aeromaneuvering orbi t  
a .  AMOOS phase coast to burn t ime.  
b.  Main engine burn inse r t s  vehicle into aeromaneuvering orbi t .  
c .  A ground based update t o  AMOOS enables an  accura te  mid-  
course  correct ion t o  be made  a t  an economical attitude. 
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d. After the update, the midcourse correct ion i s  m a d e  to  hit the  
aeromaneuvering reentry corr idor .  
@ Aeromaneuvering 
a. Immediately before reentry,  an onboard sensor  or  a ground 
link will update s ta te  vector.  The IMU alone will be used 
during reent ry .  The flap i s  deflected s o  the  vehicle will trim 
a t  angle of attack of maximum lift. 
b. APS i s  used for  bank angle modulation which var ies  the l i f t  
vector.  Consequently some of the  m o t o r s  have much l a r g e r  
th rus t  than the  ones on the  Tug. 
c. The varying lif t  vector h (b) i s  used to  adjust  t ra jectory for 
density e r r o r s  and to give AMOOS an  aerodynamic plane 
change capability. 
d. TPS smoke contamination must  be taken into account. 
e. The effects of center-of-gravity t r ave l  due t o  burned-off TPS 
must  be determined. 
f .  Heat sensor s  will be used t o  help predict  abor t  conditions due 
t o  overheating . 
g. Thermal  space radiators  and/or louvers and G,  N&C sensor s  
mus t  be protected f rom both heat and par t ic le  contamination. 
h.  The aerodynamic drag causes a A v  drop t o  achieve phasing 
orbit  apogee. 
O A main engine burn t o  achieve phasing orbi t  per igee is performed. 
O The main engine inse r t s  AMOOS into EOS rendezvous orbit .  
0 EOS/AMOOS docking 
a .  EOS senses  position of AMOOS relat ive t o  i tself .  
b. AMOOS maintains attitude and provides pass ive  docking 
support for EOS sensors  s o  the  EOS can de termine  its 
position and attitude. 
c. If necessa ry  AMOOS can become the  act ive docking vehicle. 
d. The two vehicles per form terminal  maneuvers  and AMOOS 
then holds its attitude. 
e. EOS sensor s  detect and lock onto AMOOS. 
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f. Communications a r e  established. 
g . EOS approaches docking range  t o  AMOOS. 
h. AMOOS propellant is vented and dumped. 
i. EOS per forms docking maneuvers  and docks and secures  
AMOOS. 
j. Propellant tanks a r e  vented again and made  iner t  with helium. 
k. All subsystems a r e  deactivated for reentry.  
EOS deorbits,  r een te r s  and lands with AMOOS in an essentially dormant  
state.  
E.5 PAYLOAD DEPLOYMENT AND RETRIEVAL 
L a s e r  r ada r  and TV c a m e r a  must  be protected with hatches which a r e  
opened for  payload deployment and retrieval.  (Subsystems for docking 
a r e  optional.) 
9 T V  camera  must  be capable of viewing payload while docking and 
deploying and both inside and outside of AMOOS. 
@ AMOOS cargo bay doors  a r e  configured like those of the  orb i te r .  
The docking and retrieving modes a r e  t o  be developed. 
Hard points and/or a special  docking t r u s s  must  be designed into the  
AMOOS cargo  bay. 
E. 6 POST-LAUNCH OPERATIONS 
@ Upon re turn  f r o m  a mission,  AMOOS propellant tanks a r e  iner ted,  
insulation is purged and payload i s  unloaded. 
@ AMOOS is t r ans fe r red  to  maintenance facility where GSE checks 
subsystems and maintenance is performed a s  scheduled o r  requi red .  
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a.  NDE tests  I Valvcs. actuators, computer, b .  Viaual tests  G, N&C rquipment, structure, seals, etc. c.  Electrical tes ts  
d. Check operation of external moving parts such a s  hatches 
and flap. 
e. In addition to  seeing forces like those on the Tug, AMOOS 
incurs high temperature and aerodynamic forces and there- 
fore  maintenance and checkout analysis must take this into 
consideration. 
f.  Refurbishment 
Ablative TPS must be completely stripped down 
to  structural skin and replaced. 
e High temperature bearings and seals (e.g., those 
on flap) have limited life. 
g . Again, during storage of vehicle, precautionary measures 
must  be taken to  avoid damaging ablative TPS. 
b Flight performance data a r e  analyzed. 
7 Orbital  Inclination = 0 dcg 
1. Delivered to 296km Circular  
Orbit  by the EOS 
2. Burn to Mission Transfer  Orbi t  
3 .  Midcourse Correc t ion  
4. Burn-to-Mission Orbit  
5. Deliver Payload 
6. Burn-to-Phasing Orbit  for  
Rendezvous with Return 
Payload 
7. Rendezvous and Dock with 
Return Payload 
8. Burn-to-Transfer to Aero- 
maneuvering Orbit  78 
* 9. Midcourse Correc t ion  
10. Aerornaneuver to Phasing Orbit  
Plane and ~ ~ o ~ e e *  
f 
11. Burn-to-Achieve Phasing Orb i t '  
Pe r igee  
12. Burn-to- EOS Rendezvous Orbi t  
* 
Denotes AMOOS Maneuvers Distinct 
f rom Space Tug Maneuvers. 
Fig. E- 1 - AMOOS Mission Profi le  
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160 deg FOV 
fo r  Horizon 
Tracke r ,  etc., 
Pointed Toward 
Fig. E-2 - AMOOS Sensor Locations 
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Appendix F 
COSTING ASSUMPTIONS 
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Appendix F 
COSTING GROUND RULES 
All costs a r e  based on  Government f iscal  year  1970 dollars.  
No pr ime contractor fee  is included. 
Facility cos ts  a r e  not included. 
Operations costs a r e  not included. 
NASA program management and integrating contractor 's  
costs  a r e  not included. 
Only the  f i r s t  production unit is costed. 
AMOOS flight t e s t  costs  include $5.OM per  Space Shuttle launch. 
Twoflight t e s t  vehicles and four Space Shuttle launches a r e  the basis 
for flight t e s t  costing. 
NASA provided the  main  engine costs: DDT&E is $130.OM and first 
production unit is $0.7M. 
AMOOS COST WORK BREAKDOWN STRUCTURE 
TOTAL STRUCTURE 
A. Body Structures:  tank supports ;  th rus t  s t ruc ture ;  pr imary 
s t ruc ture ;  mounting hardware,  meteoroid shield, and 
umbilicals;  and flap. 
B . Main Tanks: LOX and LHZ tanks. 
C. Docking: r 'efers t o  AMOOS/payload and EOS/AMOOS interface 
equipment that remains  with AMOOS upon separation f rom EOS. 
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11. PROPULSION 
A. 44,480 N (10,000 lb)  thrust  main engine. 
B. P r e s s u r e ,  Feed and Vent: feed, fill ,  drain and vent sys tems;  
main  tank's pressurizat ion system; and main  engine propellant 
utilization sys tem.  
C. APS (Auxiliary Propulsion System):  includes rocket motors,  
mechanism to produce gaseous oxygen and hydrogen, and 
associated plumbing. 
111. AVIONICS 
A. Data Management: computer sys t em and data input/output 
interface units. 
B. G,N&C (Guidance, Navigation and Control): IMU, s t a r  t r acke r ,  
horizon sensor  and landmark t r acke r .  
C. Communications and Tracking: l a s e r  r a d a r ;  TV camera  and 
control; and S-Band communications equipment including 
antennas. 
D. ~nstrumentat ion:  sensor s  and associated circui t ry.  
E .  Electr ical  Power Distribution: c ircui t ry buses, switches 
and wiring. 
IV; THERMAL PROTECTION 
A. High Per formance  Insulation: multilay e r  insulation and mounting 
hardware and accommodations for LOX and LHZ tanks.  
B. Insulation Purge  System. 
C. Thermal  Control: passive avionics the rma l  control and APS 
plume impingement protection. 
D. External  TPS: ablative TPS and microquartz  insulation. 
V. POWER 
A. Fuel Cell. 
B. Hydraulics: engine gimbal and actuation system. 
VI. EOS/AMOOS Interface (all  equipment t o  stay with EOS): docking 
s t ruc ture ,  fluid and e lec t r ic  umbilicals and AMOOS subsystem 
checkout equipment. 
VII. TESTING 
A. G r o w d  Test  Operations: the planning, conducting, and data 
analyzing of s t ruc tura l ,  hot firing, and the rma l  vacuum te s t s .  
B. Flight Test  Operations: the  planning, conducting and data 
analyzing of t e s t s  of on-orbit ascent ,  descent and ae ro -  
maneuvering charac ter i s t ics .  
C. Test Hardware: a battleship, four s ta t ic  t e s t  a r t i c l e s ,  a 
dynamic t e s t  a r t i c l e  and two flight t e s t  vehicles. 
D. Wind Tunnel Testing: the  planning, conducting and data analyzing 
of wind tunnel t e s t s  and model construction. 
VIII. GSE: Ground Support Equipment such as subsystem checkout, 
ground handling and maintenance and refurbishment equipment 
IX. Initial Tooling and Special Test  Equipment: design, fabrication, 
modification and maintenance of all tools and t e s t  equipment 
needed in the  production of the AMOOS vehicle. 
X .  Logistics and Spares:  s p a r e s  and r epa i r  p a r t s  requi red  for  operations 
XI. Training: ground crew instruction and associated s imulators  and 
equipment. 
XII. Systems Engineering and Integration: integration of development 
activit ies such a s  establishing design charac ter i s t ics  and c r i t e r i a ;  
defining procedures  for vehicle tes t s ;  creating maintenance pro-  
cedures;  and assuring safety and reliability. 
XIII. P r o g r a m  Management: program planning, control and other 
administration functions. 
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Table F - 1  
MASSES USED AS A BASIS FOR COSTING 
1 Cost  Item 1 M a s s  (kg) I I 
Body St ruc tures  
Tank Supports 
Thrust  S t ruc ture  
P r i m a r y  S t ruc ture  
Mounting Hardware,  Meteroid Shield, 
Umbilicals 
Main Tanks 
Docking Mechanisms, P ~ ~ ~ O ~ ~ / A M O O S  
and AMOOS/EOS 
Main Engine 
BPS 
Pressur iza t ion ,  Feed  & Vent 
Data Management 
Guidance, Navigation and Control 
Communications and Tracking 
Instrumentation 
Electr ical  Power  Distribution 
High Pe r fo rmance  Insulation 
Insulation P u r g e  
Thermal  Control 
External  TPS 
Fuel  Cel l  
Hydraulics 
1425.8 (5B Be-38Al) 
1320.8 (HB Be -38A1) 
1339 (5B Magnesium) 
2341 (5B Titanium) 
67.0 
30.8 
1255 (5B Be-38AP) 
1150 (HB Be-28AP) 
1168 (5B Magnesium) 
2 170 (5B Titanium) 
48.0 
Mass  NotUsed 
M a s s  Not Used 
Mass  Not Used 
204.8 
68.8 
85.1 
22.7 
107.2 
M a s s  Not Used 
Mass  Not Used 
M a s s  Not Used 
646.6 (5B LRC Ablator) 
669.2 (HB LRC Ablator) 
708.1 (5B Martin Ablator) 
35.7 
M a s s  Not Used 
